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Preface

This documentdescribesversion2.2 of the Field EncapsulatiorLibrary (FEL), a li-
brary of meshandfield classesFEL is a library for programmers— it is a “building
block” enablingtherapiddevelopmenbf applicationdy auser SinceFEL is alibrary
intendedfor codedevelopmentit is essentiathatenoughtechnicaldetailbe provided
sothatonecanmalke full useof thecode.Providing suchdetailrequiressomeassump-
tionswith respecto thereaders familiarity with thelibrary implementatiodanguage,
C++, particularlyC++with templatesWe have doneour bestto make theexplanations
accessibleéo thosewho may not be completelyC++ literate. Neverthelessfamiliarity
with thelanguagewill certainlyhelpone’sunderstandingf how andwhy thingswork
theway they do. Oneconsolatioris thatthelevel of understandingssentiafor using
thelibrary is significantlylessthanthelevel thatoneshouldhave in orderto modify or
extendthelibrary.

Onemoreremarkon C++ templatesTemplatesave beena sourceof bothjoy and
frustrationfor us. Thefrustrationstemsrom thelack of matureor completamplemen-
tationsthatonehasto work with. Templateproblemsreartheir ugly headparticularly
whenporting. Whenporting C code,successfullycompilingto a setof objectfiles typ-
ically meanghatoneis almostdone. With templatedC++ andthe currentstateof the
compilersandlinkers,generatingheobjectfiles is oftenonly the beginningof thefun.
On the otherhand,templatesare quite powerful. Usedjudiciously, templatessnable
moresuccinctdesignaandmoreefficient code. Templatesalsohelpwith codemainte-
nance Designersanavoid creatingobjectsthatarethe samen mary respectsbut not
exactly the same.For example,FEL fields aretemplatedby nodetype, thusthe code
for scalarfields andvectorfieldsis shared.Furthermorenodetype templatingallows
thelibrary userto instantiatefields with datatypesnot provided by the FEL authors.
Thistypeof flexibility would bedifficult to offer without the supportof thelanguage.

For userswho may be having template-relategoroblems,we offer the consola-
tion that supportfor C++ templatess destinedo improve with time. Efforts suchas
the StandardTemplateLibrary (STL) will inevitably drive vendorsto provide more
thorough,optimizedtools for templatecodedevelopment. Furthermorethe benefits
will becomeharderto resistfor thosewho currently subscribeto the least-common-
denominatof'codeit all in C” strateyy.

May FEL bring you bothincreasegroductvity andaestheticsatishction.
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Chapter 1

Intr oduction

TheField Encapsulatioribrary (FEL) is alibrary for representindieldsandmeshes.
The fields may representhe resultsfrom simulationsor experimentalobsenations.
Themaingoalsof FEL areto provide:

e ahorizontalproductsupportinghe quick developmentof new applications
e anextensibleframenork supportinga variety of meshandfield types
¢ ahigh-performancenesh-independemtterface

e alibrary supportingwork with large datasets

“Horizontal products”arereusabldibrariesthatmake the developmentof “vertical
products"— applications— easier FEL is a setof C++ classeslesignedo support
not just the field and meshtypesthat are currentlyimplementedput alsonew mesh
andfield typesin the future. A key part of the designis the developmentof a mesh-
independeninterface,i.e.,aninterfacethatallows usergo write asinglealgorithmthat
will work with avarietyof meshandfield types.Thegoalis to beableto introducenew
typesin the future andreusealgorithmswritten in termsof the FEL interfacewithout
modification.Finally, therearea numberof featuresn FEL thataredesignedo make
working with large datasetsfeasiblefor moreusers.

To developanapplicationusingFEL, you shouldnot find it necessaryo readthis
entiredocument. The FEL releasdncludesa primer which providesan overviewn of
mary featuresof FEL alongwith sampleprograms.The primershouldappeato those
who preferto “divein” andlearnby writing actualapplications.Ontheotherhand,the
primer, in the nameof brevity, focuseson library essentials.To geta morecomplete
view of thefeaturesanddesignphilosophyof FEL, you areencouragedo readon.

To corvey theflavor of programmingwith FEL, we will how walk througha small
example.

11



12 CHAPTER1. INTRODUCTION

1.1 An FEL example

The following programreadsin a meshandfield, thenfinds the cell with the greatest
pressurgradientmagnitudeatits centroid:

#include  "FEL.h"
int  main(int argc, char* argv[])
{

unsigned flags = FEL_deduce_mesh_type(argv[l]);
FEL_mesh_ptr mesh = FEL_read_mesh(argv[1], flags);
FEL_plot3d_g_field_ptr g_field =

FEL read_qg(mesh, argv[2], flags);

FEL float field ptr p_field =
FEL_plot3d_make_pressure_field(q_fie Id);

FEL_vector3f_field_ptr grad_p_field =
new FEL_gradient_of float field1(p_field) ;

FEL float field_ptr mag_grad_p_field =
new FEL_magnitude_of vector3f field(grad_ p_fiel d);

mag_grad_p_field->set(FEL_SIMPLIC IAL_D ECOMBSITION, 0);

mag_grad_p_field->set(FEL_INTERPO LATION,
FEL_ISOPARAMETRIC_INTERPOLATION);

int res;

float field_value, max_value = 0.0;

FEL_vector3f coords([8];

FEL phys pos centroid;

FEL cell ~max_cell;

FEL_cell _iter iter;

for (mag_grad_p_field->begin(&iter); liter.done(); ++iter) {
mesh->coordinates_at_cell(*iter, coords);
centroid.set(0.0, 0.0, 0.0);
for (nt i = 0; i < (*iter).get n_nodes(); i++)

centroid +=coordsli];
centroid /= (*iter).get_n_nodes();

res = mag_grad_p_field->at_phys_pos(centr oid, &field_value);
if (res != FEL_OK) continue;
cout << "Pressure gradient magnitude at " << *iter
<< " is " << field_value << endl;
if (field_value > max_value) {
max_value = field _value;
max_cell = *iter;
}
}
cout << "Maximum of " << max value << " in " << max_cell << endl
return  O;



1.1. AN FEL EXAMPLE 13

The exampledemonstrateseveral key featuresof FEL. The first is meshinden-
pendence— the sameprogramworksfor fieldsbasedn a structuredunstructuredor
multi-zonemesh.The meshindependences achiesedvia FEL iteratorsandfile read-
ing functionsthat constructmeshesandfields of the appropriateype. The particular
iteratorusedin the example,a cell iterator, loopsover the (hexahedralor tetrahedral)
cellsin a mesh. Using eachcell, one can easily accesameshandfield values. The
examplealsoillustrateshow FEL makesit easyfor the userto composenew fieldsin
termsof existing ones.Thefield datain the exampleis known “solution data; in other
words,dataproducedby a flow solver. Startingwith a solutiondatafield (g_field ),
onecanconstructa pressurdield, a gradientfield anda gradientmagnitudefield, each
in onestatementThe programalsoshavs how onecanaccesdield valuesat arbitrary
positionsusingjust onefunctioncall (at _phys _pos).

Thereare mary other capabilitiesbeyond thoseshawn in the example, suchas
supportfor time-varying fields andtransformedields. Ratherthaninventoryall the
capabilitiesof FEL here,theremainderof this sectionwalksthroughthe first example
andmentiongthe chaptersn this documenin whichto look for moreinformation.

unsigned flags = FEL_deduce_mesh_type(argv[l]);

FEL _mesh_ptr mesh = FEL read_mesh(argv[1], flags);
FEL_plot3d_g_field_ptr g_field =

FEL read_qg(mesh, argv[2], flags);

Thefirst four linesreadin meshandfield datafrom thefiles namedby argv[1]
andargv[2] . The programfirst usesthe meshtype deducerfunction to deduce
flags indicatingtheparticularfile type (Chapter22). FEL currentlysupportgeading
PLOT3D files and“Enterprise” pagedfiles. Meshandfield objectsbasedon paged
files do notloadthe whole datasetinto memory but insteadwork in ademand-dren
stylewhereonly subsetof the dataareloadedasneededChapter23). Theusercan
alsoreadin datafrom afile in someotherformatandthenconstructmeshesr fields
directly. (Chaptersl2,18).

Fieldsand meshesn FEL arereferencecounted. The FEL type nameswith the
_ptr suffix areall “smartpointers”thatreferto referencecountedobjects(Chapter7).
For the mostpart, the pointersbehave just like C-style pointers. FEL alsousesC++
templatesywhich supportparameterizetiypes.For instancefieldsin FEL areparame-
terizedby theirnodetype(Chapterl7). FEL usedypedefdo hidemary of thecommon
templateinstantiationsso that mostFEL programscanbe written without ever using
templatesyntaxdirectly (Chapter2).

FEL float field ptr p_field =
FEL plot3d_make_pressure_field(q_ field) ;

FEL_vector3f_field_ptr grad_p_field =
new FEL_gradient_of float field1(p_field );

FEL float field ptr mag_grad_p_field =
new FEL_magnitude_of vector3f field(grad _p_fi eld);
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Herewe createthreederivedfields from the fundamentabkolutiondata. The first
field usesa built-in function to corvert PLOT3D solutionvectorsto pressurevalues
(Chapter24). The secondield appliesa differentialoperator(“grad”) to the pressure
field, producinga vectorfield from a scalarfield (Chapter20). The third field takes
the norm of the gradientfield, yielding a scalarfield (Chapterl9). This progression
illustrateshow FEL allows new fieldsto bedefinedin termsof preexisting ones.

The derived and differential operatorfields require almostno storage,sinceall
valuesare computedon demand. This demand-drwenor “lazy” evaluationapproach
providesa significantadvantagevhenworking with large datasets,sincethe memory
and computationarequirementof precomputinga derived value over a whole field
canbe prohibitive.

mag_grad_p_field->set(FEL_SIMPLIC IAL_D ECOMBSITIO N,0);
mag_grad_p_field->set(FEL_INTERPO LATION,
FEL_ISOPARAMETRIC_INTERPOLATION);

Thesedirectivestell FEL how to conductsomeof its numericalbusinesqChap-
ters9, 11). FEL supportsseveral spatialinterpolationmodes(Chapter9). The sim-
plicial decompositiorflag controlswhetherFEL decomposesachmeshcell into sim-
plices(e.g.,eachhexahedrorinto tetrahedrajor cell-basedperationsuchasinterpo-
lation (Chapter1l).

int res;

float  field_value, max_value = 0.0;
FEL_vector3f coords|[8];

FEL cell max_cell,

In additionto mesheandfields, FEL providesanumberof fundamentatiatatypes,
suchasvectors(Chapter3), positionalclassegChapter6), andcells (Chapters). One
canalsodeclarearraysthesetypes.Forinstancethecoords arrayabove canbeused
to storethe coordinatedor eachvertex of a cell.

FEL_cell_iter iter;
for (mag_grad_p_field->begin(&iter); liter.done(); ++iter)

FEL supportsa mesh-independentay to loop over the cells of a mesh:iterators.
Using aniterator onecanwrite algorithmsthatwork with fieldsbasedon a variety of
meshtypes,without having to provide conditionalstatementshataretype-dependent
(Chapterl6).

mesh->coordinates_at_cell(*iter, coords);
centroid.set(0.0, 0.0, 0.0);
for (nt i = 0; i < (*iter).get n_nodes(); i++)

centroid += coordsli];
centroid /= (*iter).get_n_nodes();
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A fundamentabperationin FEL is queryinga meshfor geometricdnformation,in
this casethe coordinatef the cell currentlyrepresentedby theiterator The coor-
dinates _at _cell call returnscoordinategor eachvertex of the cell (Chapterll).
Thecell, in turn, is queriedfor its numberof hodesin orderto calculatethe centroid.

res = mag_grad_p_field->at_phys_pos(cent roid, &field value);
if (res != FEL_OK) continue;
cout << "Pressure gradient ~magnitude at " << *iter
<< " is " << field_value << endl;
if (field_value > max_value) {
max_value = field value;
max_cell = *iter;
}
}
cout << "Maximum of " << max value << " in " << max_cell << endl

Onekey groupof membeffunctionson FEL fieldsarethe“at ” calls,whichsupport
requestdor field values.Sometypesof at callsmerelyretrieve field valuesat nodes,
while others,suchasat _phys _pos supportfield value queriesat arbitrary physical
positions.To complywith theat _phys _pos call in the example,FEL mustfind the
meshcell containing(centroid ) andthenusethe geometryof the cell andthe field
valuesat its verticesto interpolateandgetthefield _value atcentroid . FEL
providesalternateversionsof at _phys _pos (viafunctionoverloadingwheretheuser
canprovide extra algumentsintendedto acceleratehe point location(Chapterll) or
interpolation(Chapterl7) steps.

Theat callreturnsl to signify successlt is possiblethattheat callin theexample
couldfail in somecases.For instancejf the cell containingcentroid  wereatthe
boundaryof the meshand had nonplanarfaces,then the point location code might
concludethat the given point is outsidethe mesh. In general,it is importantthatthe
usercheckthereturnvalueof theat callsin orderto be assuredhatthefield values
producedy thecall arevalid.

This exampleis representatie of the sortsof thingsonecando with FEL. There-
mainderof this documenprovidesfurtherdetails,options,examplesandpossibilities.
The accompawing FEL ReferenceManual providesa list of the FEL classesand a
summaryof the public memberfunctionsfor eachclass.

1.2 A graphic example

FEL per sedoesnot do graphics,but someof the first applicationswritten with FEL
do. Graphicsarefun, sowe includeonefigureillustratingthe outputof a visualization
tool calledgel , which waswritten with FEL. Figure1.1is just a smalltasteof what
onecandowith FEL; therewill be morepicturesto follow.
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Figure1.1: A spaceshuttlelaunchvehicle visualization: the left side of the model
displaysedgesrom themesh theright sideshavs contourlinesfor a pressurelerived
field. (Databy PieterBuning,visualizationcourtesyof Tim Sandstrom.)
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1.3 FEL1 and FEL2

An initial versionof the Field EncapsulatiorLibrary wasfirst presentedt Visualiza-
tion '96 [BKGY96]. Thelibrary describedn this documentepresenta fundamental
redesigrandcompleterewrite of “FEL1". Someof thefeatureghatarenew to the2.0
releaseof FEL include:

o derivedfields,with demand-dwenevaluation

e built-in support for the over 50 standard derived fields defined by
PLOT3D [WBPE97

o differential operators,employing eitherfirst- or second-ordetechniquesalso
with demand-dnenevaluation

¢ transformedneshesandfields

e iterators

e supportfor arbitraryfield nodetype,basedn C++templates

e aninterfacesupportingthe easycompositionof fields

e muchbetteropportunitiesfor codereusein the developmenf new classes
e supportfor avarietyof cell types

e multiple, userselectablespatialinterpolationmodes

e multiple, userselectablesimplicial decompositiormodes

¢ working setmanagementf time-serieglata

e temporalinterpolation

¢ significantlyimproved memorymanagementincluding referencecountingfor
meshesfields,andinterpolants

e supportfor moremeshtypes,includingregularandunstructured
e supportfor surfacemeshes

e additional file reading capabilities, including supportfor reading PLOT3D
“FORTRAN unformatted’files on eitheraworkstationor Cray

e supportfor thereuseof theinterpolationdataassociatedvith a cell

e integratedsupportfor pagedmeshesndfields

1.4 Acknowledgements

We would like to thankthe memberf the NAS DataAnalysis Groupfor their con-
structive feedback patience,and encouragemerduring the FEL2 developmentpro-
cess.
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Chapter 2

Templatesand Typedefs

FEL makessignificantuseof two C++ features—templatendtypedefs—irorderto in-

creasaheflexibility andpower of thelibrary withoutdecreasingaseof use.Typedefs
areavailablein C, thusthey arelikely to be familiar to mary users.Templatespn the
otherhand,arenew with C++ andareprobablylessfamiliar to most. In FEL the two

featuresareusedtogetherin orderto make it easyfor the userto reapthe benefitsof

templatesvithout having to learntemplatesyntax.

2.1 Templates

Templatesare a featureof C++ allowing one to implementalgorithmsand classes
wherethe specificationof particulartypesis deferred. For instance,one could have
a linked list of objectswherethe objecttype is specifiedby a token “T”. The user
canthendeclarethathe or shewantsa list of objectsof a particulartype, for instance
float , by usingthe templatesyntax: list<float> . Informally, onecanimagine
thecompilerandlinker working togetherto generateéhe coderequiredby a particular
instantiationsuchasalist of float s, by outputingcustomizedourcewith theglobal
substitutiorfloat  for T, andthencompilingthedynamicallygeneratedource. How
andwhentemplatecodeis actuallyinstantiatedrariesfrom systemo system.Theuser
experienceghesedifferencesasvariationsin how programsarecompiledandlinked,
but the variationsdo not changethe stylein which onewritesapplicationausingFEL.
The most prominent use of templatesin FEL is in the node type T of
FEL_typed _field<T> . Templatesallow the library to use one commonset of
classesor representindields, regardlesof field nodetype. Therearetwo majorben-
efits of the templatednodeapproach.The first benefithasimplicationsprimarily for
theuser Theuseof templatechodesmeanghatonecancreatefields with nodetypes
whicharenotbuilt into thelibrary, without modifying thelibrary. For instanceacom-
putationalkscientistcouldcreatea scalaffield whereeachscalaris representetly adou-
ble by writing FEL_core _field<double> . (TheclassFEL_core _field<T> s
describedn Chapterl8). The compilerandlinker automaticallyhandlegeneratinghe
appropriatecode. Onecould alsoinstantiatefields wherethe nodetypeis a structure

19
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containingan aggreyationof values,suchasthe solutionvectorusedby a particular
solver.

A secondenefitof thetemplateapproachmpactsthedevelopersof FEL moredi-
rectlythantheusers.Thetemplatedield nodetypeallowstheconsolidatiorof classes,
suchasthosefor scalarfields and vectorfields, which wereformerly separate.This
consolidationhasmary positive benefits:templatedfields meanthat thereis lessli-
brary codeto maintain,andbug fixesin thefield classeglo not have to be propagated
to fieldsof eachnodetype variation.

2.2 Typedefs

Typedefgprovidedby bothC andC++) allow oneto definecorvenientnamedor what
are typically more complicatedtypes. In FEL, typedefsare usedprimarily to hide
templatesyntaxfrom the users.For example the statement:

typedef  FEL_typed_field<float> FEL_ float_field;

makes it possibleto write FEL float _field where one would have to write
FEL_typed _field<float> withoutthetypedef.Furthertypedefsareprovidedfor
workingwith FEL _typed _field<float> instancesFor example the statement:

typedef  FEL_pointer<FEL_typed_field<float> >
FEL float_ field ptr;

makesit easyto declarea pointerto afloatfield (FEL_float _field _ptr ) without
using the more verbosetemplatesyntax. FEL providestypedefnamesfor the most
commonlyusedtemplateinstantiations;jn particular the typesrelatedto float fields
andvectorfields (wherethe vectorsare composef 3 floats)areincludedin the li-
brary. For mary applicationspnecanuseFEL withouteverusingtemplatesyntax.For
moreadvancedusersthe optionof goingto templatenotationis alwaysavailable. For
example,to instantiatea field with a new nodetype would requireusingat leastsome
templatenotation.

The typedefnameshuilt into FEL aredescribedn the following chaptersjntro-
ducedwith thetemplatecclassegor which they arewritten.
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Vector and Matrix Classes

FEL providesbasicvectorand matrix supportfor the user The supportis primarily
for smallvectors(2, 3, or 4 componentsandsmall, squarematrices. The vectorand
matrix classesarewritten usingC++ templatesandtypedefsareprovidedfor themost
commonlyusedinstantiations.

3.1 The vector classes

The vector classesare asfollows and arelisted in Table 3.1. FEL providesspecific
classedor vectorsof length 2, 3, or 4, ratherthanusingthe arbritrarylength vector
classFEL _vector<N,T> , for efficiency reasons.

The vectorclasstypedefsbuilt-in to FEL arelisted in Table3.2. The corvention
for typedefnamess to appendhe original templatedclassnameby the vectorlength,
if notalreadyprovided,anda letter specifyingthe componentype. The sufixesused
in FEL arei , f, andd, correspondingo the C typesint , float , anddouble ,
respectiely.

FEL providesmostof the basicmathoperatordor thevectorclassessofor exam-
ple,onecanwrite statementsuchas:

float f;
FEL_vector3f a, b;
FEL vector3f c(1.0, 2.0, 3.0), d(13.0, 17.3, 21.1);

| Class | Description |
FEL_vector2<T> vectorof 2 typeT components
FEL_vector3<T> vectorof 3 typeT components
FEL_vector4<T> vectorof 4 typeT components
FEL_vector<N,T> vectorof N typeT components

Table3.1: Thebasicvectorclasstemplates.
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| Typedef | TemplateClass | ComponentType |
FEL_vector2i FEL_vector2<T> int
FEL _vector2f FEL_vector2<T> float
FEL_vector2d FEL_vector2<T> double
FEL_vector3i FEL_vector3<T> int
FEL_vector3f FEL_vector3<T> float
FEL_vector3d FEL_vector3<T> double
FEL_vector4i FEL_vector4<T> int
FEL _vector4f FEL_vector4<T> float
FEL _vector4d FEL_vector4<T> double

Table3.2: Thevectortypedefs.

a=3"%c¢ + d;
b=a+c- d
f = a[0];

b[0] = 10.0;

b.set(10.0, 20.0 30.0);

cout << "a = " << a << end|

The final statemenshaws the useof the C++ style outputstreamoperatorwhich
canbe handyfor writing out the contentsof vectors,for examplefor dehugging. See
thefile FEL vector.h  for a completelisting of the operationsupportedor vector
objects.

3.1.1 FEL vectorsasargumentsto other libraries

Occasionallyonemaywishto useFEL vectorvaluesasargumentdo routinesprovided
by otherlibraries. For example,one may want to make calls to OpenGL graphics
library routinestaking vectorargumentswithout having to repackagehe datainto a
differentstructure. The FEL vectormethodv() returnsa pointerwhich canbe used
with routinesrequiringa C-stylepointerto the beginningof anarray For instance:

FEL vector3f  v3f(1.0, 2.0, 3.0);
FEL_vector3d v3d(4.0, 5.0, 6.0);
glVertex3fv(v3f.v());
glVertex3dv(v3d.v());

Thev() methodis definedin FEL vector.h  andshouldbe easilyinlined by
mostcompilers.

3.2 The matrix classes

FEL providestypedefsfor theinstantiationgor floatanddoubleversionsof the N x NV
matriceswhereN is 2, 3, 4, 5, 6, or 8. The sufiix conventionfollows alongthe same
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| Class | Description |

FEL_matrix22<T> 2 by 2 matrix of type T components
FEL_matrix33<T> 3 by 3 matrix of type T components
FEL_matrix44<T> 4 by 4 matrix of type T components
FEL_matrix55<T> 5 by 5 matrix of type T components
FEL_matrix66<T> 6 by 6 matrix of type T components
FEL_matrix88<T> 8 by 8 matrix of type T components

Table3.3: Thematrix templates.

linesasthatusedfor vectors.For instanceFEL_matrix33f  signifiesa 3 by 3 matrix
with float components.Internally matricesare storedin row-major ordey, i.e., “C”

styleratherthanFORTRAN style. FEL providesthe basicmathoperatordor matrices
andfor matriceswith vectors,suchas multiplication. The library also providesthe
functionFEL invert  for inverting matrices.The inversioncodeis written usingan
analyticaltechniquefor FEL_matrix22<T> and FEL_matrix33<T> . For larger
matricesthe library usesGauss-Jordaeliminationwith partial pivoting. Seethe file

FEL_matrix.n  for acompletdisting of theoperationsupportedor matrix objects.
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Chapter 4

The FEL _time Class

FEL representsime usingthe classFEL_time . A classis usedto representime,
ratherthansimply a C float or int, becausehereis morethanonetime representation
in which asuermaywantto work. FEL time supports3 representations:

e physical
e computational

e integercomputational

Physicaltime correspondso the non-dimensionalime usedby the flow solverin an
unsteadyflow simulation. Computationatime correspondso a temporaldiscretiza-
tion, wherea time-varying datasetis representecs a sequencef time steps. The
first time stepwould be at computationatime 0, the secondat 1, andsoon. Theuser
canrequestataat a computationatime intermediateo the time stepsby providing a
valuewith a fractionalpart; e.g.,computationatime 0.5to getdatatemporallyinter-
polatedhalf way betweerthefirst andsecondime steps.Integer computationatime,
alsoknown as“time step”, specifiesa specificstepin a time-seriesdataset, without
temporalinterpolation.

FEL_time containsatagindicatingtherepresentationurrentlyin useandaunion
of anint andafloatwherethetime itself is stored.By defaultthetime representatiois
FEL_TIME_REPRESENTATIONUNDEFINED Theusercansettime usingcallssuch
asset physical . SeeFEL_time.h for thelist of set _* andget _* calls. In
mostapplicationspnewill typically work with onerepresentatioffor time. Physical
time providesa representatiothatis independenof how aflow solver choseto save
snapshotghroughtime, e.g., whetherthe datawere written out at a fixed physical
time interval or at adaptve intervals. Working in termsof time stepsmakesit easy
for the userto accesghe datain a time serieswithout regardto how the dataare
positionedn physicaltime, e.g.,to computestatisticsover all thetime steps.Floating-
point computationatime supportsthe addedflexibility of expressingimesrequiring
temporalinterpolation.
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4.1 Multiple time representations:A caveat

In applicationsvhereoneworkswith bothphysicalandcomputationatime simultane-
ously, thereis acaveat. TheclassFEL time definestheoperator==, i.e., anequality
test. When objectscontainingtime, suchas physicalpositionsand vertex positions
(describedn the following chapters)are comparedfor equality they comparetheir
respectie time values. Given a physicaltime valueanda computationatime value,
an FEL_time objectwould have to corvert onerepresentationo the otherin order
to compardik e representationdJnfortunately FEL time objectsdo not containthe
informationnecessaryo mapbetweerphysicalandcomputationatime. In generathe
choiceof which mappingto useis ambiguoussincetherecouldbe mary time-varying
fields, andthey may not all usethe samemapping. FEL_time operator== returns
false if it cannotcomparethetimes.

Mixing time representations the argumentso FEL calls shouldnot causeprob-
lemsinternalto FEL, to the bestof our knowledge. Mixing time representionsvhen
doing at _phys _pos calls may causesome minor inefficiencies, thoughit should
not causethe library to returnincorrectanswers. This caseis revisited later when
we describethe useof at _phys _pos (Chapterl7). Thetime mixing caveatshould
only be of concernto the userif he or sheusesthe == operatorwith the positional
classesdescribedin the next chapter: FEL vertex _cell , FEL phys _pos and
FEL structured  _pos.

Thereis no easysolutionto the “got onerepresentatiomeedanotherdon’t know
how to convert” problem.Thelibrary could chooseonetime formatto usethroughout
the applicationprogrammesrs interface,but no matterwhat the choice, therewill be
casesvheretheselectedormatis awvkwardfor theuser Physicatimeis a higherlevel
representatioriut it is not convenientwhenonewantsto loop overtime steps.Onthe
otherhand,someapplicationswould like to treatan unsteadydatasetas continuous
in time andarenot interestedn how the samplesverechosenthusphysicaltime is a
betterchoicethancomputationalor time steps). The FEL designoptsfor flexibility
andease-of-usegt therisk of unexpectedbehaior in someobscurecases.
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The FEL _cell Class

TheFEL _cell classdefinesageneralpurposeobjectfor representingells,the basic
discretizationbuilding block for computationatiomains.FEL usesa generalcell def-
inition, wherecell typesinclude vertices,edges triangles,quadrilateralstetrahedra,
andhexahedra.Cellsareused,for example,for pointlocation: givena physicalpoint
andahexahedrameshthelibrary canreturnacell containingthe point. Thecell types
which canberepresentetty FEL cell arelistedin Table5.1.

Cells may be groupedby their dimensionand referred to as k-cells or k-
dimensionatells. Every cell typehasanassociatedimensionthe Dimensioncolumn
of Table5.1lists thedimensionfor eachcell type supportedby FEL. Writing in terms
of k-cellsis more corvenientin somecasesfor instance,one can speakof the pri-
mary cells of a surfacebeing2-cells,without having to distinguishbetweertriangles,
quadrilateralspr someothertype of polygon.

An importantconceptrelatedto cellsis faces. A cell ¢ in ameshM is the face
of anothercell d in M if ¢ is definedby a subsebf the verticesdefiningd. The most
commonuseof thetermfaceis with hexahedrabndtetrahedratells: ahexahedrorhas
quadrilaterafacesandatetrahedrorhastrianglefaces.But thetermis moregeneral:
hexahedraand tetrahedraalso have edgeand vertex faces,even an edgehasvertex
faces. The topic of cells, faces,and incidencerelationshipswill be revisited in the
meshchapter(Chapterll).

Cell Type Letter | Dimension | Vertices
FEL_CELLVERTEX \Y 0 1
FEL_CELL EDGE E 1 2
FEL_CELLTRIANGLE F 2 3
FEL_CELLQUADRILATERAL| Q 2 4
FEL_CELLTETRAHEDRON T 3 4
FEL_CELLHEXAHEDRON H 3 8

Table5.1: TheFEL cell types.

27



28 CHAPTERS. THE FEL_CELL CLASS

Name | Type Default

type FEL cell _type _enum | FEL_ CELL UNDEFINED
subid | short -1

ijk FEL vector3i (none)

zone int FEL_ZONEUNDEFINED
time FEL _time FEL _time()

Table5.2: TheFEL_cell datamembers.

5.1 The celldata members

The 5 datamembersf anFEL _cell objectarelistedin Table5.2. Thetype speci-
fiesoneof thetypeslistedin Table5.1,or FEL_.CELL_UNDEFINED The zonewould

specifya zonein a multi-zonemesh. Time is usedwhenwaorking with time-varying

data. Theijk andsubiddatamembersareusedto specifya particularcell of a given
type. The particularusageof ijk andsubidfor eachtype of cell dependson whether
themeshis structuredor unstructuredSeeChaptersl2 and13.

5.2 The FEL _vertex cell class

An FEL_vertex _cell objectrepresentavertexin amesh.Theclasssderivedfrom
FEL_cell andcanbeusedasanargumentto ary routineexpectinganFEL cell ar
gument. The FEL vertex _cell classexistsin orderto make the developmentof
algorithmswrittenin termsof meshverticesabit easier The classprovidesthe oppor
tunity to getsomecompile-timecheckingof routineswhich work only with vertices;
andFEL providesroutinesfor vertex cellswhich have someslight optimizationsover
thegenerakell routines.



Chapter 6

Positional Classes

The position of an individual point in space can be representedby an
FEL vertex _cell , FEL_phys pos,or FEL structured _pos object, seeTa-
ble6.1. All threeclasseslsocontainarepresentatiofor time, sotheobjectsin general
canrepresenapositionin spaceandtime.

6.1 FEL vertex cell

The FEL vertex _cell classis usedfor specifyinganindividual vertex in a mesh.
FEL vertex _cell isderivedfromtheclassFEL_cell andinheritsmostof itsfunc-
tionality from thecell class.FEL_cell andFEL_vertex _cell aredescribedn the
previouschapter

6.2 FEL_phys.pos

An FEL_phys _pos objectrepresents positionin physicalspaceandtime. Onecan
requesfield valuesat a physicalpositionusingstatementsuchas:

int res;

float f;

FEL_phys_pos p(1.2f, 3.3f,  0.0f);

res = float field->at_phys pos(p, &f);

if (res == 1)

cout << "the field at " << p << " is " << f << end

Class Derived From
FEL vertex _cell FEL cell
FEL_phys _pos FEL vector3f
FEL_structured _pos | FEL_vector3f

Table6.1: The FEL positionalclassesandtheir parentclasses.
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SinceFEL_phys _pos is derivedfrom FEL_vector3f , FEL_phys _pos canbe
usedaswith routinesexpectingan FEL_vector3f  argument;the time component
of the FEL_phys _pos is ignored. For example,to getthe physicalcoordinatesat a
vertex, onecouldwrite:

mesh->coordinates_at_vertex_cell( verte x_cel I, &phys_pos);

Onecanalsouse FEL phys _pos objectswith the mathematicabperatorst= and
-=, wheretheright-hand-sideargumentis of type FEL vector3f . Forinstancepne
couldaddto the spatialcoordinate®f a physicalpositionby writing:

FEL_phys pos p(10.0f, 11.0f, 12.0f);
cout << "before: " << p << end
p += FEL_vector3f(1.1f, 2.2f,  3.3f);
cout << “after: " << p << endl

The statementsvith cout illustratethe useof the C++ ostreamoperatordefinedfor
FEL_phys _pos. Theostream operatordisplaysthe physicalcoordinatesthetime
is alsodisplayedf it is defined.The outputfrom the statementabove would look lik e:

before: (10, 11, 12)
after: (112.1, 13.2, 15.3)

6.3 FEL _structured.pos

The class FEL_ structured  _pos representgpositionsin structuredmeshesde-
scribed by floating-pointi, j, and k values. FEL_structured _pos val-
ues are sometimesknown as “computational coordinates”, though they are only
applicable to structured meshes(or a structured zone in a multi-zone mesh).
FEL structured  _pos objectsalsocontainan integer zonevalue andtime. The
zonecomesinto play whenworking with FEL_multi _mesh objects,andtime is rel-
evantto time-varyingobijects.

6.4 FEL vector3fand.int

The FEL_vector3f _and_int class,asits hamesuggestsrepresent®bjectscon-
sisting of a vector of 3 floats and an integer The FEL vector3f _and_int
class is used primarily for working with meshesthat include what is known
in PLOT3D data sets as IBLANK [WBPE92. IBLANK values are inte-
gers, one per vertex. Users see the FEL_vector3f _and_int type in the
mesh calls coordinates _and_iblank _at _vertex _cell() and coordi-
nates _and_iblank _at cell() . SeeChapterllfor moreontheseroutines.



Chapter 7

Memory Management

FEL allocatesanddeallocatesnemoryusingthestandardC++new anddelete  oper
ators.In general FEL objectsthatallocatememoryarealsoresponsibldor deallocat-
ing thesamememory Likewise,memoryallocatedby theuseris theusersresponsibil-
ity for deallocation.Thereis onekey exceptionto this conventionwith FEL: memory
allocatedfor buffers passedo constructorof meshandfield subclassebecomeghe
responsibilityof FEL to deallocate.For instance a buffer with float valuespassedo
the constructorof anFEL_core _float _field would becometheresponsibilityof
the corefield to deallocatevhenthe corefield is destructed.Userswho work solely
with meshesndfieldsconstructediia thefile readerffunctions(seeChapter22) donot
have to be concernedwith this issue,sincethe the convenienceunctionsallocateand
pasghebuffersappropriatelylf theuserconstructameshorfield explicitly, providing
databuffer agumentsthenit necessarthatthe buffersbeallocatedusingthe C++new
[] operatori.e. the C++ operatorfor allocatingarraysof objects. This requirement
is necessarpecausaltimately FEL will deallocatehebuffer usingthe C++ delete

[] operatorandin generalit is hazardoudo allocatememoryin one manner(e.g.
malloc ) anddeallocatén another(e.g.delete  [] ). With FEL_core field in-
stancesthe useralso hasthe option of providing a flag thatwill suppresshe field's
attemptto deallocatehesolutiondatabuffer. In this casehow thebuffer wasallocated
is irrelevantto FEL, andthe ultimateresponsibilityfor deallocatingthe buffer would
remainwith theuser

7.1 Referencecountedobjectsand pointers

Referencecountingis atechniquefor trackingthe numberof referenceso eachobject
in a setof objects. Referencecountingsupportssharingobjectsandthe detectionof
a safetime to deallocatean object (i.e., whenthe numberof referencego an object
goesto 0). In FEL, the mostprominentuseof referencecountingis for meshandfield
instances.Referencecountingallows the userto createmeshesand fields and then
build additionalfields, suchasderivedfields anddifferentialoperatorfields, in terms
of the original fields. The referencecountbook-keepingis donetransparently The
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referencecountingfreesthe userfrom somerelatively tediousand error pronework
andin generalis unobtrusve.

FEL usestwo classesthat work togetherto implement referencecounting:
FEL reference _counted _object and FEL pointer<T> . The FEL_mesh
and FEL field classednherit from FEL reference _counted _object . The
FEL_pointer<T> classis usedto representeferencedo an objectderived from
FEL_reference _counted _object . ThetemplatetypeT standgor the particular
classbeingpointedto, e.g.,FEL_mesh. FEL providestypedefnamesfor mostpoint-
ersto referencecountedobjects usingthe corventionthatpointernamedake theclass
nameof the objectpointedto andappend’ _ptr ". For example,FEL_mesh_ptr and
FEL float _field _ptr represenpointersto meshesandfloat fields. The pointer
classprovidesdefinitionsfor the operationghat can potentiallychangethe reference
countof anobject. For instance FEL _pointer<T>  definesanassignmenbperatoy
sothatwhenonepointeris assignedo anotheronereferences potentiallyincremented
andoneis potentiallydecrementedWe say”potentially” sincepointerscanhave the
valueNULL, andno countsneedto be changedvhena pointerhasa NULL value.

The FEL_pointer<T> classis designedsothatonecanusepointerinstancesn
a mannersimilar to raw C-style pointers,e.g.,one canwrite statementsising”->"
syntax. Therearea few caseswvhereFEL pointerinstancediffer in usagefrom raw
pointers:

o defaultinitialization

e casting

e comparisonsvith NULL
e deleting

FEL pointers,unlike raw C-style pointers,are guaranteedo always be initialized to
NULL by default. This differenceis not necessarilynoticeableto the user sinceone
canstill manuallyinitialize pointersasonewould do with raw pointers.

A secondcasewhereFEL pointer<T>  instancedliffer from raw pointersis in
downcasting For example onemayhave apointerto anFEL_mesh, but whatonemay
needis a pointerto anFEL _structured  _mesh, in orderto accessa methodthatis
specificto structuredneshesWith raw pointersonecouldwrite:

FEL_mesh* mesh;
FEL_structured_mesh* structured_mesh;

structured_mesh = (FEL_structured_mesh*) mesh;

Unfortunately if FEL_mesh* and FEL_structured _mesh* were replacedby
FEL_mesh_ptr andFEL structured _mesh_ptr ,thepreviousexcerptwould not
work. The castfails becausd~EL_mesh_ptr (i.e., FEL _pointer<FEL _mesh>)
technicallyis not a C pointer;thereis no direct corversionfrom FEL_mesh_ptr to
FEL_structured _mesh_ptr (i.e.,FEL_pointer<FEL _structured _mesh>).
The castcanbe accomplishedbut the requiredsyntaxis awkward. For the previous
example:
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FEL _mesh_ptr mesh;
FEL_structured_mesh_ptr structured_mesh;

structured_mesh = (FEL_structured_mesh*) (FEL_mesh*) mesh;

The less-than-obious syntaxis one motivationfor providing downcastingmacrosfor
theuser Seethe following chapterfor alist of the castingmacrosprovided by FEL
andsomeadditionalmotivationfor usingthe macros.

A third casewhereFEL_pointer<T> instancediffer from raw pointersoccurs
whentestingwhetheror not a pointerhasthe valueNULL FEL_pointer<T>  class
hasthememberfunctionnull()  thatcanbe usedfor this purposefor example:

FEL _mesh_ptr mesh; // default initialization
assert(mesh.null());

assign non-NULL value to mesh
assert(!mesh.null());

Two FEL _pointer<T> instancegboth instantiatedwith the sametype for T) can
alsobetestedfor equalityor lack thereof usingthe== or != operators.

FEL pointerobjectsdiffer from raw pointersin afourth respectdeletion.Whereas
in generalone cancall delete directly on a heapallocatedobject, the equivalent
statemenwill not work with an FEL pointer instance. In a sense this should not
be surprising,referencecountingtakesresponsibilityfor deallocatingan objectwhen
thereareno morereferencesthe usershouldnot have to take the sameresponsibility
Neverthelesstherearea few occasionsvherethe usermaywantto causethe deallo-
cationto happensooner For example,one may wantto free memoryusedby a large
meshor field that one knows will not be usedagain. One cando this indirectly by
assigningNULL to FEL pointers. Assumingthat thereare no otherreferencedo the
meshor field, assigning\NULL to the remainingreferencewill decrementhe countto
0 andinducethereferencecountingmechanisnio do thedeallocation.

Finally, somereaderamight obsere in the previous discussiorthatit is possible
to obtainthe raw pointersto referencecountedobjects. One may be temptedto do
this, sinceusersare more familiar with C-style pointersand castingthan the refer
encecounting supportclassesf FEL. One should, however, resistthis temptation.
Referencecountingrequireslittle overhead so performancas typically not anissue.
Furthermorethereferenceountingmechanisnprovidedby FEL is robust,but all bets
areoff if onebreaksthroughthe abstractiorandstartshandlingraw pointersdirectly.
The potentialconsequencdsr defeatingthe referencecountingarememorymisman-
agemenbugswhich canbevery difficult to trackdown.

7.2 Referencecounting and mutual exclusion

TheFEL referenceountingmechanisnis alsodesignedo supportheuseof reference
countedbjectsin amulti-threadedervironment.In amulti-threadedcenarioit is pos-
sible that several threadscantake actionsthat changethe referencecountof a shared
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object,suchasmeshor field. Suchactionsincludeassigningone FEL_pointer<T>
instanceto anotheror passinga pointerobjectto a subroutine.Sincesuchactionscan
take placesimultaneouslyit is importantthatthe changego the referencecountsbe
madeatomically In otherwords,only onethreadshouldbe ableto changethe count
atonetime. FEL providesreferencecountingwith critical sectionprotectionfor count
changewiatheclassFEL_mutex _reference _counted _object whichisderived
from FEL_reference _counted _object . The”mutex ” versionof theclassuses
alocking primitive provided by the tasksynchronizatioribrary (TSL_mutex ) to en-
suremutual exclusion. Meshes fields, andinterpolantsin FEL are all derived from
FEL_mutex _reference _counted _object ,thusthereferencecountingfor those
objectsshouldstill work reliably in multi-threadedapplications.
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Dynamic Casting

Thereare occasionsvhenone hasa pointerto a baseclass,but what one needsis a
pointerto a classderived from the baseclass. For example,one may have a pointer
to a mesh: FEL_mesh_ptr , but needa pointerto a structuredmesh(a subclassof
mesh):FEL structured  _mesh_ptr . Thetypicalcasewhereapointerto asubclass
is necessanariseswhen one needsto call a methodthat is available only from the
subclassfor instancea methodspecificto structuredneshesCastingfrom onetypeto
anothertypethatis lower in the sameclasshierarchyis known asdowncasting FEL
is designedo try to minimize the amountof downcastingrequired neverthelesshere
arestill caseawhereit is necessaryOne hazardof downcastingis thatit is possible
todoit incorrectly e.g.,if the meshpointerwerereferringto anunstructurednesh,a
structuredmeshcastwould leadto dire consequencedJnfortunately incorrectcasts
in generalkcannotbe detectedcat compile-time;it is notuntil run-timethatthey become
apparent.

C++ providesa standardvay to downcastsafely: dynamiccasts.Usinga dynamic
cast,onecandowncasta pointerto a particularsubclass.If the castis legal, thenthe
resultis a pointerto the subclassif thecastis notlegal,thentheresultis NULL. Thus
onecandawncastandthencheckif thecastcompletedsuccessfullypeforecontinuing.
Dynamiccastingis arelatively new C++ feature andit is not supportedy someolder
compilers. FEL provides macrosthat behae like dynamiccastsfor the mostcom-
mon castsof FEL objects. The namingcorventionfor the castsis FEL f TO.t CAST,
wherean FEL pointerto a type f castto an FEL pointerto atypet. For example
FEL.MESHTO.STRUCTUREIMESHCAST() takes an FEL_mesh_ptr argument
andreturnsanFEL_structured  _mesh_ptr , or NULL if the castis notlegal. One
differencebetweerthe FEL macrosandC++ dynamiccastingcomesn the casewhere
the agumentis a NULL pointer The C++ standarddictatesthat the dynamic cast
of aNULL pointershouldcausean exception,the FEL macrosimply returnsNULL.
Table 8.1 lists the castingmacrosprovided by FEL. Thoughthereare mary macros
definedby the library, the needfor themin usercodeis relatively infrequent. As the
designof the library evolves, we are working towardsfurther reducingthe needfor
downcastingcalls.
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Cast

FEL_OBJECTTO.MESHCAST()

FEL_.OBJECTTOFIELD _.CAST()

FEL_MESHTO STRUCTUREMESHCAST()
FEL_.MESHTOUNSTRUCTUREMESHCAST()

FEL_FIELD TOFLOATFIELD _-CAST()

FEL_FIELD _TO.VECTORS3HE-IELD _CAST()

FEL_FIELD _TOPLOT3DQFIELD _CAST()

FEL_FIELD _.TO.COREFLOAT.FIELD _CAST()

FEL_FIELD _TO.COREVECTORS3H-IELD _CAST()
FEL_FIELD _TO.TIME_SERIES_FLOAT.FIELD _CAST()
FEL_FIELD -TOTIME _SERIES_VECTORS3H-IELD _CAST()
FEL_FIELD _TO.TIME_SERIES_PLOT3DQUFIELD _CAST()
FEL_INTERPOLANTTO.HEXAHEDRALSOPARAMETRICCAST()

Table8.1: The FEL dynamiccastingmacros.

Usercodewith anFEL dynamiccastmacrowould typically look like:

FEL_mesh_ptr mesh;

FEL_structured_mesh_ptr structured_mesh;
structured_mesh = FEL_MESH_TO_STRUCTURED_MESH_CAST(hjes
if  (Istructured_mesh.null()) {
}
else {
error
}

Thereis a secondreasorfor the useof macroswith downcasting.Pointersto FEL
meshesndfieldsarenotraw C-stylepointersyratherthetypessuchasFEL_mesh_ptr
or FEL float _field _ptr aretypedefnamesfor FEL pointer objects. The
classe$-EL_pointer andFEL_reference _counted _object areusedtogether
to provide referencecountingsupportin FEL (asdescribedn the previous chapter).
Unfortunately straight-fornard C-styledowncastingdoesnotwork with FEL pointers,
thoughit is still possibleto downcastusing a more arcanesyntax. The macrosare
intendedto hidethatsyntax.
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Inter polation

Oneof the mostusefulfeaturesof FEL is thatit allows gridded,spatiallydiscretedata
to betreatedasa continuousdomain. In fact, this capability supportghe key abstrac-
tion of a field andis oneof the primary aims of the library. The centralmechanism
underlyingthe field abstractioris spatialinterpolation FEL supportdemporalinter-
polation,too; thisis describedseparatelyn Chapter25.

9.1 Settinginterpolation modes

In FEL, queries for field values at arbitrary physical space locations (i.e.,
at phys pos() , seeChapterl7)invoke a pointlocationalgorithmwhich findsthe
meshcell containingthe querypoint. FEL thenusesthe geometryof this cell, andthe
field valuesat its vertices,to determinea field valueat aninterior point. Thelaststep
canbedonein oneof threeways,andyoutell FEL which methodyouwantwith aset
command.

FEL_mesh_ptr mesh; // defined elsewhere...

mesh->set(FEL_INTERPOLATION,  FEL_NEAREST_NEIGHBOR_INTERPOLATIQN
mesh->set(FEL_INTERPOLATION,  FEL_ISOPARAMETRIC_INTERPOLATION);
mesh->set(FEL_INTERPOLATION,  FEL_PHYSICAL_SPACE_INTERPOLATION);

Theseset calls are really methodson FEL_mesh, but you can also call them on
ary field, andit will simply forwardthe call to its mesh. Note thathowever it is set,
the interpolationmode on a meshaffectsall fields basedon that mesh This rather
unfortunatestateof affairswill beamendedn afuturereleasef FEL sothatfieldswill
be lessdependeneéntities. In the meantimejf youwantdifferentinterpolationmodes
on fields sharinga commonmesh,setthe interpolationmodejust prior to querying
the field — but be aware that this may not be a robust stratgy in a multithreaded
application.

Theinterpolationmodeswork in concertwith the simplicial decompositiormode,
sincethecell typewhichtheinterpolationroutinesreceve maybealteredoy simplicial
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decomposition. (Details on simplicial decompositiormay be found in Chapter12.)
Thusthe threeinterpolationmodeslisted above, combinedwith the threechoicesfor
simplicial decomposition—

/I setting decomposition off, even and odd:
mesh->set(FEL_SIMPLICIAL_DECOMPOS ITION, 0);
mesh->set(FEL_SIMPLICIAL_DECOMPOS ITION, 1);
mesh->set(FEL_SIMPLICIAL_DECOMPOS ITION, 2);

— form a3 x 3 matrix of possibilities.If youdon't explicitly setthem,theinterpolation
modedefaultsto FEL_ISOPARAMETRICINTERPOLATION and“even” simplicial
decompositions turnedon (FEL_SIMPLICIAL _DECOMPOSITION, 1). The dif-
ferentcombinationsof interpolationandsimplicial decompositiormay producequite
differentnumericalresultson the samedatasetandthey vary widely in the amountof
numericalwork involved. A few generalconsiderationgboutchoosingthesemodes
arepresentedelon (andsee[KL95] for a comparisorof isoparametri@andphysical
spaceanterpolationmethodson tetrahedra)but for the mostpart, the choiceis context
dependent.

The combinationof interpolationanddecompositiomodesaffectsthe differential
operatoffields, sincethey obtaintheir requiredspatialderivativesby analytically dif-
ferentiatingthe interpolatingpolynomials. This is the caseevenwhenthe differential
operatofieldsarequeriedatavertex. For moreinformationonthedifferentialoperator
fields,seeChapter20.

9.2 Nearestneighbor interpolation

FEL_.NEARESINEIGHBORNTERPOLATION really doesnt do interpolation,
ratherit assignsto an interior point the field value of the nearestvertex of the en-
closingcell. This “interpolation” methodis the fastesof the bunch,but obviously not
very smooth.

9.3 Isoparametric interpolation

FEL_ISOPARAMETRICINTERPOLATION transformsthe enclosingcell and the
querypoint into computationakpaceandtheninterpolatesa field valueat the query
locationusinglinearbasisfunctions.If thecell is atetrahedronthephysicalto compu-
tationalspaceransformatiorof the querylocationis doneanalytically For hexahedra,
however, thephysicalto computationaspacdransformatiorof thequerylocationmust
bedonenumerically usingNewton’s method andthisrequiresevaluatingandinverting
the Jacobiarmatrix for eachiteration.

In computationakpacethe coordinate®f the querypointare¢, n, ¢, andthefield
valuef = f(&,n, (). Field valuesat cell verticesarereferredto as f,,, wheren ranges
from 0 to 1 lessthanthe numberof nodesin thecell.

For tetrahedraye usethelinearbasisfunction:

fEm, Q) =10—-&6—n—Qfo+fi +nf2+(fs
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andfor hexahedra:

f(&n,¢)

++++++ A+
_
!
o

9.4 Physical spaceinterpolation

FEL_PHYSICAL SPACEINTERPOLATIONsolvesfor thecoeficientsof aninterpo-
lating polynomialin physicalspacepsingthelocationsandfield valuesof the enclos-
ing cell verticesasconstraints.The calculationdoesnotinvolve any physicalto com-
putationalspacedransformationshut it doesrequireinversionof a4 x 4 (tetrahedron)
or 8 x 8 (hexahedronmatrix.

In physicalspacethe coordinate®f thequerypointarez, y, z, andthefield value
f = f(z,y, z). Coordinateof cell verticesarereferredto asz,,, y,, z,, andfield val-
uesatthe correspondingerticesarereferredto as f,,, wheren rangefrom 0 to 1 less
thanthe numberof nodesin the cell. The coeficientsof the interpolatingpolynomial
arereferredto asc,,.
For tetrahedrawe usetheinterpolatingpolynomial:

f(iE,y,Z) =c¢o+c1x + 2y + 3z

anddeterminehe coeficientsby:

-1

co 1 zo 9o 20 fo
et | _ |1 = y1 = fi
2 | |1 22 y2 2 fo
c3 1 23 ys =2 f3

For hexahedrawe usetheinterpolatingpolynomial:
f(x,y,2) = co + c1z + coy + 32 + caxy + cs5x2 + ceyz + cray2z

anddeterminehe coeficientsby:

Co 1 zo yo 20 ToyYo Toz0 YoZo ToYozo fo
(4] 1 = y1 21 ;i 21 Y121 Tz f1
(&) 1 x> y2 22 Tay2 T2z Y222 Tay222 f2
cs | _ | 1 23 ys 23 T3ys o323 Y323 T3Y323 f3
ca | | 1 T4 ys 2a TaYys TaZy YaZs  TaYsZs fa
cs 1 o5 ys 25 TsYys o525 Y525 ZTsYs2s fs
Cq 1 =6 Ys 2 TeYs T2 Y626 ToY626 fe
cr 1 =z yr 2 Tyr Trzr Yrzr Xeyrzn fr
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The4 x 4 and8 x 8 matricesareinvertednumerically using Gauss-Jordaelim-
inationwith partial pivoting. We thencheckthe “standard”matrix condition number
usingtheinfinity norm(|| 4[| [|A7!||0), andif thisexceedsle® we performasingular
valuedecompositionzerothe singularvalues< 1e=3 andgeneratea pseudoinerse.
We found the SVD to be necessaryespeciallyin the 8 x 8 case,asmary common
datasetsyield ill-conditioned matricessurprisinglyoften. The SVD routineswill be
mademoreflexible in afuturereleaseof FEL, with usersettableoptionsreplacingthe
hardcodednvocationandparametersSee for example [PTVF9Z to learnmoreabout
SVD andrelatednumericalissues.

Althoughthematrixinversiongnvolvedin thephysicalspacénterpolationroutines
are expensve, especiallyif the SVD routinesareinvoked, the invertedmatricesare
determinecpurely by the geometryof thecell. They canbereusedor successielocal
interpolationson the sameor a differentfield if the successie queriesall fall in the
samecell. Theinvertedmatrixis cachedn theFEL cell _interpolant whichcan
beresubmittedcaspartof anat _phys _pos() query SeeChapterl7 for detailsonthe
severalvariantsof at _phys _pos() .



Chapter 10

Meshesand Fields

Theheartof FEL is composedf meshandfield objects;ithe majority of thefollowing
chapterf thisdocumentwill be ontopicsrelatedto thesetwo key types.Most of the
commoninterfacefor meshess definedby the classFEL_mesh (Chapterl1). Most of
theinterfacefor fieldsis definedby the classe$-EL field andFEL _typed _field
(Chapterl?).

Onegoalin the designof FEL is thatapplicationsaritten in termsof the standard
interfacesshouldwork with a variety of meshandfield types. For example,a visual-
izationtechniquewritten for scalarfields shouldwork just aseasilywith afield where
valuesarecomputedn demandsuchasaderived pressurdield (Chapterl9), aswith
afield wherethe dataareprecomputecndstoredin memory(Chapterl8). Thesame
codeshouldalsowork with mary othertypesof fields, suchasthosewheredataare
pagedn from disk on demand Chapter23) or fieldsthatvary with time (Chapter25).

While it is not hardto seethe virtuesof codereuse,it is not aseasyin practice
to designinterfacesthat make suchreusestraightforvard for the user Evenwith the
bestof interfaces,it still may take someeffort on the users part to think in more
generakterms. Not every meshis structurednot every field is steady In generalthe
developmenbf truly meshandfield type-independeralgorithmsrequireseffort onthe
partof both the FEL designteamandthe user Making meshandfield independent
interfacesandalgorithmsareality continuego be alearningprocesdor usall.

10.1 Member function style

The memberfunctionsof the meshandfield classedollow a generaktylewhereinput
argumentscomefirst, followed by argumentspointing to the location whereresults
shouldbe written. The input argumentgypically are C++ const referencessothat
their intendeduseshouldbe clearerto the user and so the compilermay have more
opportunitiego optimize. Most membeifunctionsreturnanintegerindicatingwhether
the call wassuccessfulWe look atthereturnvaluesin a bit moredetail next.
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10.2 Return values

Most meshandfield memberfunctionsreturnan integer statusvalue. The valuecan
indicatesucces$FEL _OK) orit canindicateoneof avarietyof errors.Thecompletdist
of returnvaluescanbefoundin FEL returns.h . Oneshouldusethe namedefined
in FEL returns.h  ratherthanintegervaluesexplicitly, sothatin the unlikely case
thatreturncodesgetrenumberedpne’s codewill still work. Onereturnvaluewhere
eventhe bestof FEL programmer$ave lapsedinto usingtheintegervaluedirectly is
FEL_OK FEL_OKis equalto 1. Theinterchangeabilitpf 1 andFEL_OKis soingrained
in theFEL programmingstylethatit is safeto assumehatthe numberandsymbolwill
be boundtogetherfor all time.

We concludethis chaptetby stronglyencouragingheusersof FEL to checkreturn
values.Therearetwo main reasonsvhy oneshouldgetinto this habit. First, if oneis
seriousaboutdevelopingalgorithmsthat are meshandfield type-independenthenit
is hazardouso assumavhenusingsomememberfunctionthat“this call cannoftfail”.
Eventhoughtherearealreadya large numberof meshandfield types,it is easyto fall
into thetrap of thinking in termsof just oneparticulartype. Evenif onedoesconsider
all thewaysthatacall canfail, basednthetypesavailablein FEL today, oneis still not
completelysafe.In thefuturetherewill surelybemoremeshandfield typesintroduced
into thelibrary. Algorithmswritten with carefulerrorcheckingnow shouldat leastbe
ableto gracefullyindicatethatthey cannotwork with a new typein thefuture.

A secondeasorto be conscientiousboutreturnvaluecheckingis that not doing
thecheckingcanleadto potentiallyinsidiousbugs. Sincemostmemberfunctionswork
by writing theirresultsinto alocationpassednto thecall, onealwayshassomethingn
resultlocation,whetheror notthe call succeededn somecasest maybeobviousthat
theresultlocationcontainsjunk, but at othertimesthe contentsmay seemplausible.
For example theresultmaycontainavaluefrom a previous,successfutall. Checking
returnvaluesis theonly reliableway to guardagainsthis type of problem.



Chapter 11

Meshes

Meshesareoneof the two key typesof objectsin FEL, the otherbeingfields. Meshes
representiscretizationof a domaininto a setof cells. The cell typesaredravn from
thetypesrepresentetly theclassFEL cell : verticesgedgestriangles,quadrilaterals,
tetrahedraandhexahedraln anFEL meshiit is assumedhata meshcontainingacell
¢ alsoincludesall thefacesof ¢; so, for example,a meshwith a hexahedronc would
alsohave all the quadrilateral edge,andvertex facesof ¢. Meshescontainboth geo-
metricandtopologicalinformation. Geometrianformationincludesthe coordinate of
verticesandthe volume of cells. Topologicalinformationincludesneighborrelation-
shipsamongthe cellsandotherdataabouthow thecellsareorganized.For example a
meshcontainingatetrahedrore canreturnthetrianglefacesor verticesof c.

In FEL, meshesare essentiato the constructionof fields, sinceevery field hasa
mesh.For fields,meshespecifythe locationof nodes.Nodesarethe pointsin the do-
mainwheresolutionvaluesaregeneratedy thesolveror acquirecby experiment.FEL
supportsvertex-centeredields, in otherwordsfields wherea nodeis associatedvith
eachvertex. Thereareotherorganizationdor nodes;for instance a hexahedraimesh
may be“cell-centered”,i.e.,a nodeis associateavith theinterior of eachhexahedron,
but suchconfigurationsarecurrentlyunsupportedby FEL.

Onekey responsibilityof mesheds point location. Given a point p anda mesh
containingsometype of 3-cells, suchastetrahedraor hexahedrathe resultof point
locationwill be aninteger returncodeand,if the location effort is successfula cell
containingp. The conceptof point locationin FEL hasbeengeneralizedo meshes
whichdonotcontain3-cells. For instance FEL canrepresensurfacesn R? consisting
of trianglesor quadrilateralg2-cells). Pointlocationwith a surlacemeshreturnsa
2-cell from the mesh. SeeChapterl?2 for detailsof how point locationis defined
for surfaces. Efficient point locationis one of the keys in FEL to providing good
performanceverall.

A secondkey responsibilityof meshess to assistwith interpolation.Giventhecell
¢ resultingfrom point location,a meshcanconstructan “interpolant” for uselaterin
interpolation. The interpolantcontainsinformation basedon the geometryof ¢. The
specificinformationcontainedn aninterpolantdependsiponthetype of interpolation
thatthe userhasselected.For example,if ¢ is atetrahedronandthe prevailing inter-
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polationmodeis isoparametricthenthe interpolantwould containthe basisfunctions
requiredto linearly interpolatewithin ¢. SeeChapter for moredetailoninterpolants.

11.1 The meshclasshierarchy

Figurell.lillustratesheclasshierarchyfor FEL meshesFEL_mesh inheritsfrom the
classFEL_mutex _reference _counted _object ,thereforemeshesrereference
countedn FEL, andthereis critical sectionprotectionfor thereferencecountingsothat
they canbeusedin multi-threadedapplications FEL_mesh specifiegheinterfacethat
all meshclassesnherit. The meshclassalsoprovidesimplementatiorof routinesthat
areusedby mary of themeshsubclassesKey subclassesf FEL_mesh aredescribed
in thefollowing chapters.

11.2 Settingand getting meshproperties

FEL meshesupportageneral'set " interfacefor settingmeshproperties:
void set(const FEL set keyword_enum k, int v);

Theset call takesa keyword k anda valuev; the completelist of keywordscanbe
foundin the file FEL set _keywords.h . Thereis alsoa general“get " member
function:

int get(const FEL get keyword_enum k, int* nv, int V[,
int zone = FEL ZONE_UNDEFINED)const;

Theget call takesakeywordk andfills in *nv integervaluesinto the arrayv. Note

thatsomeproperties suchasthe dimensionof a structuredmesh,requiremorethan

oneintegerto describeln mostcasesheuserwill know how mary integersareneeded
to describea particularpropertyi.e., how mary valueswill bewritteninto v. In those
casesheusercanpasshevalueNULLfor thenv argument.Theget functiontakesan

optionalfinal algumentspecifyinga zone.Usingthezone argumentwith get allows

oneto make queriesof a particularzonein amulti-zonemesh.Theget call returnsl

for succes®r anerrorvalueotherwise.

11.3 Simplicial decomposition

Somealgorithmswork in termsof thecellsof amesh but requirethatthe cellsbe sim-
plices,i.e.,thatthecellsbeverticesedgestriangles.or tetrahedraFEL supportemu-
latingthedecompositiorf ameshinto simplicesthroughwhatis known as“simplicial
decomposition”We say“emulating” becausénternally FEL doesnot changetherep-
resentatiorof the meshwhen simplicial decompositionis requestedit only changes
thetypeof cellsreturnedby methodssuchaspointlocation. Currentlyonly structured
meshegontainnon-simplicialcells (quadrilateral@andhexahedra)thusthe following
discussioronly appliesto structuredmeshtypes. In the future othermeshtypesmay
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Figure11.1: The FEL meshclasshierarchy
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also containnon-simplicialcells, but the interfacefor controlling the decomposition
will bethesame.

In generatthereis morethanoneway to subdvide a non-simplicialcell into sim-
plices,evenif oneis notallowedto introducenew verticesaspartof the subdvision.
A quadrilateralcan be broken into trianglesin one of 2 ways, dependingupon how
thediagonalis chosen.Thereare2 waysto decompose hexahedrorinto 5 tetrahedra
and mary more decompositiongonsistingof 6 tetrahedra.A typical requiremenis
thatthe cells be decomposedonsistentlyjin otherwords, if thereis a non-simplicial
facesharedby two cells,thenthe decompositiorthoserfor eachcell mustresultin the
sameadecompositiotior thesharedace.Theissueof consistentlecompositiong FEL
ariseswith structurechexahedralmeshessinceadjacenhexahedrasharequadrilateral
faces.FEL supports? consistensimplicial decompositiongor structuredmeshesto
bedescribedn the next chapter FEL alsoprovidesthecall *:

int decomposition_cells(const FEL cell c&,
int*  nsc, FEL_cell sc[]) const;

whichtakesanon-simplicialcell c asanargumentandreturnsnsc simplicial cellssc
thatc would be subdvidedinto, usingtheprevailing simplicial decompositiorsetting.
(The usercanqueryaboutthe prevailing decompositioomodeusingthe get member
function describedabove.) The resultof decomposition  _cells  is undefinedif
simplicial decompositiors not on whenthecall is made.

To set a particular value for simplicial decomposition,one can use the call
set(FEL _SIMPLICIAL -DECOMPOSITION, i) onamesh,wherei would have
thevalueO, 1, or 2. The value 0 signifiesthat simplicial decompositiorshould be
turnedoff. Valuesl and2 eachsetone of 2 alternatedecompositiongor structured
meshes.

11.4 Point location and inter polation
FEL meshesll inheritthefollowing interfacefor pointlocation:

int locate_close_vertex_cell(const FEL phys pos& p,
FEL_vertex_cell* V) const;
int locate(const FEL phys_pos& p, FEL cel* c¢) const;
int locate(const FEL phys pos& p, FEL cell& start cell,
FEL cel* c¢) const;

Thelocate _close _vertex _cell returnsavertexv thatis closeto p. Thevertex
is notguaranteedo bethe closestput sometime<loseis goodenough.Thelocate
membeirfunctionsarethe workhorseroutinesfor pointlocation.Givena pointp, lo-
cate producescell c. Formostmeshesg is ahexahedroror tetrahedrorcontaining

1For thoselessfamiliar with C++ notation theconst  keyword maybe nev. Whenthe keyword is part
of anamgumentdeclarationthenconst indicatesthatthe function will not modify the agument. When
const follows the closing parenthesesf a classmemberfunctiondeclarationthenconst specifiesthat
calling thefunctionwill notchangethe stateof the object.
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p. For othertypesof meshessuchassurfacemeshes¢ maybe a quadrilaterakell or
trianglecell closeto p.

The second locate routine takes an extra start _cell argument.
For several key mesh types, such as FEL_curvilinear _mesh and
FEL_unstructured _mesh, a point is located by “walking” from cell to cell,
until aresultcell is found. If astart _cell amgumentis provided,thenit is used
to initialize the walking point locationroutine. Providing a startcell cansignificantly
improve the pointlocationperformancef thecell is closeto thegivenpoint.

An FEL interpolant containsinformation basedon the geometryof a cell
used for interpolation. An interpolantis specific to a particular cell, and an
FEL_cell _interpolant pairsa cell togetherwith its interpolant. Sincemeshes

containcell geometricdata,meshesare responsibléor initializing interpolants. Ini-
tializationis donethroughthe memberfunctions:

int  set_interpolant(FEL_cell_interpol ant*)  const;
int set_interpolant(const FEL_cell_interpolant& pci,
FEL_cell_interpolant* ci) const;
int locate_and_set_interpolant(const FEL_phys_pos&,
FEL_cell_interpolant*) const;
int locate_and_set _interpolant(const FEL phys pos&,
FEL_cell_interpolant&,
FEL_cell_interpolant*) const;

Thesecondset _interpolant call providestheopportunityto reusetheinterpolant
loadedby a previous set _interpolant call, if thecell in ci is the sameasin

pci , andtheinterpolationmode(e.g.,isoparametricjs the same.Thelattertwo calls
combinepointlocationandsettinganinterpolantinto onecall.

11.5 Coordinates

Theusercanaccesshecoordinates of theverticesof acell ¢ viathecalls:

int coordinates_at_cell(const FEL cell& c,
FEL vector3f  Vv[]) const;
int coordinates_at_vertex_cell(const FEL vertex_cell& c,

FEL_vector3f* V) const;

Onecanalsocorvert betweena structuredmeshpositions and physicalcoordinates
viathecall:

int coordinates_at_structured_pos(const FEL_structured_pos& s,
FEL_vector3f* V) const;

Sincethe structuredpositionincludesa zonenumber the “at structuredpos” call can
alsobe madeon a multi-zonemesh,aslong asthe specifiedzoneis structured.If the
call is madeon a meshthatdoesnot have structuredbehaior, thenthereturnvalueof
thecall will notbeequalto 1.
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11.6 Cell geometricproperties

The memberfunctionswhich answerqueriesregardingthe geometricpropertiesof
cellsarerelatively self-explanatory:

bool cell_has_collapsed_edge(const FEL cell&) const;
int  volume_of cell(const FEL_ cell&, double*)  const;
int  centroid_of cell(const FEL cell&,
FEL_vector3f*) const;
int longest_edge_length_of cell(const FEL_ cell&,
float*) const;

int closest_vertex_of cell(const FEL phys_pos&,

const FEL_cell&,

FEL_ vertex_cell*) const;

Thecell _has collapsed _edge call testswhethertwo verticesonthe sameedge
have coordinateghat areexactly equal;in otherwordsthereis no epsilonusedin the
floating-pointcoordinateequalitytestto allow for nearly-equabalues.

11.7 Cell incidencerelationships

Givenacell ¢, anapplicationmay requirecellsincidentto ¢. Two distinctcellsc and
d areincidentif ¢ is thefaceof d or vice versa.For example,for a giventrianglec in
amesh,onemay needthe verticesof ¢, or perhapghetetrahedrdor which ¢ is aface.
The incidencerelationshipsamongcells canbe visualizedwith a graph. Figure 11.2
illustratesthe incidencerelationshipsfor a small meshin R2. The graphto the right
containsanodefor eachcell in themeshto theleft. Thenodesareorganizednto rows,
eachrow containingcellsof aparticulardimension.Therows areorderedby ascending
dimensionality:higherrows signify higherdimensiorcells. A meshcontaining3-cells
would have oneextra row atthetop. The examplequeriesfrom above canbe seenas
startingat a particularnodeandfollowing pathsdownwardor upward. For example,to
gettheverticesof atrianglec, onecouldstartatthe noderepresenting andfollow all
the pathsdownwards. Likewise, in a meshcontainingtetrahedrapne could startat a
noderepresentin@trianglec andfollow the0, 1, or 2 pathsupward,dependingnthe
numberof tetrahedrahathave ¢ asaface.FEL meshesupportqueriesbasedon cell
incidencerelationshipwiathecallsup _cells anddown_cells

int  up_cells(const FEL cell& ¢, int d, int max,
int*  n, FEL cell rc[], int = -1) const;
int  down_cells(const FEL cell& ¢, int d, int* n,

FEL cell rc[]) const;

Both calls take a cell ¢ asthe first agument,and the dimensiond of the cells one
wantsin returnasthe secondargument. Both calls write cellsin the arrayrc . The
numberof cellsproduceds writteninton. Theup _cells  call alsotakesanargument
max, which specifiesthe maximumnumberof cells that the userwantsback. The
terms“up” and“down” canbethoughtof eitherasgoing up or down in dimension,
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Figure11.2: A smallexamplemeshandits incidencegraph.

or as going upward or dowvnward in the incidencegraph. In topology the up and
down operationsare known asstar andclosuie, respectrely. Note thatthe concepts
of incidencerelationshipsandup anddown calls are not specificto a particulartype
of mesh;thusalgorithmswritten in termsof up_cells anddown_cells have the
potentialof working with mary typesof meshes.

11.8 Adjacent cells

A conceptelatedto theincidencerelationshipdetweercellsis adjaceng, alsoknown
asa neighborrelationship. The meshmemberfunctionadjacent _cells supports
queriesrequestingthe cells neighboringto a given cell. The function signaturefor
adjacent _cells is:

int adjacent_cells(const FEL_ cell&, int*, FEL cell []);

wherec is the cell for which to produceadjacentcells for, andnac andac getthe
numberof adjacentellsandthe cellsthemseles,respectiely. The mostfrequentus-
ageof theadjacent _cells call is with a 3-cell agument. For example,givena
hexahedrore from a hexahedraimesh,adjacent _cells would returnthe hexahe-
drawhich sharea quadrilateralfacewith c. Likewise, given a tetrahedrore from a
mesh(eithera tetrahedrameshor a hexahedralmeshwith simplicial decomposition
turnedon), adjacent _cells  will returnthetetrahedravhich sharea triangleface
with ¢. Theadjacent _cells call is handyfor algorithmsthatwork breadth-first,
startingfrom aseedcell. For example onecouldconstructanisosurficeincrementally
processingellsoutwardfrom aninitial 3-cell.

Theconcepbof adjaceng hasamoreformaldefinition. First, returningto thegraph
in Figure11.2,imaginethateachvertex is thefaceof a special(-1)-cell,i.e. thatthere
is an extra row beneaththe vertex (0-cell) row with one node,and arcsfrom each
vertex to the (-1)-cell node. Furthermorejf the cellsin the top row are k-cells, then
imaginean extra row above the k-cellswith a single (k + 1)-cell thatevery k-cell is
the faceof. Given this augmentedncidencerelationshipgraph, one can definethe
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adjacentells of a cell ¢ via theup anddown operationgdescribedabove. Let S,4 be
the setof cells producedby going up one dimensionandthendown onedimension,
startingwith c. Let Sg,, bethesetof cellsproducediy goingdown onedimensionand
thenup onedimension,startingwith ¢. The cells adjacentto a cell ¢ arethe cellsin

(Sua N Sqn) — c. (Therearemoreefficient waysto implementadjacent _cells

thepreceedinglefinitionis usefulfor its generality).

11.9 Cardinality

Sincemeshesrefinite collectionsof cells, onebasicquerythatthe usermight make
is a countof the cellsrepresentethy a mesh. FEL providesthis functionality via the
methodcard :

int  card(int k) const;

Given an integer argumentk, card returnsa countof the k-cells in a mesh. For
instancecard(0) returnsthe numberof verticesin a mesh. The valuereturnedby
card depend®nwhethersimplicialdecompositioris turnedon or off. For example,if
card(2) returnsn whencalledon a structurechexahedraimeshwith decomposition
off, thencard(2)  will return2n whendecompositions turnedon.

11.10 Cellsand canonicalenumeration

For the k-cellsin a mesh,one canimagineassigninga numberingso thateachk-cell
hasa uniqueinteger identifier  Suchan enumerationcould be handy for example,
for representingsetsof k-cells, since eachinteger identity numberwould consume
lessmemorythanan FEL cell object. FEL supportsa canonicalenumeratiorof
k-cells, but not for every valueof k£ andfor every meshtype. Thefollowing chapters
onstructuredandunstructureaneshedist whichenumerationarecurrentlysupported.
Everyenumeratioriollowstheconventionof goingfrom Oto card(k) - 1 for k-cells.
To corvert betweertheintegerrepresentatioandthe FEL_cell  representatiorand
vice versaFEL providesthe methods:

int int_to_cell(int i, int k, FEL_cel* c,
int s = -1) const;
int cell_to_int(const FEL cell& ¢, int* i) const;

Thecorversionfrom integerto cell is influencedoy the simplicial decompositiomode
currentlysetfor themesh.Onecanoverridetheprevailing decompositioomodefor the
durationof theint _to _cell call by providing anoptionalfinal argumentspecifying
adecompositiormode. For cell _to _int , the decompositiormodeis inferredfrom
theincomingcell type.
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11.11 PLOTS3D IBLANK

Theclassesn the FEL meshhierarchyandtheinterfacespecifiedatthetop hierarchy
are intended,as much as possible,to be independenbdf any particularmeshor file
formatstandard.OnecasewhereFEL favors a particularstandards in its supportof
IBLANK. IBLANK is a standarddefinedby PLOT3D [WBPE92] wherean integer
“IBLANK” valueis associateavith eachvertex in a mesh. Sincemeshesn FEL are
currentlyall vertex-centeredhaving aninteger at eachvertex is equivalentto having
an integer associatedvith eachnodein a field. The IBLANK value cansene one
of three purposes. The first is as a flag indicating that the node associatedvith a
vertex is invalid (indicatedby an IBLANK of 0). The secondIBLANK useis asa
hint aboutoverlappingzonesin a multi-zonemesh. To indicatethata vertex may be
within anoverlappingzonez, PLOT 3D specifieghattheIBLANK valueshouldbe —z.
(PLOT3D follows the FORTRAN style of numberingwherethe zonesgo from 1 ton
ratherthanOto n — 1). Thethird usageof IBLANK valuesareto flag verticesthatare
on animpenetrablesurface,signifiedby thevalue2. An IBLANK of 1 is the default,
signifying thatthe nodeis OK andthatthereis no overlappingzoneinformation. FEL
meshegprovide accesto IBLANK valuesvia thecalls:

int iblank_at_cell(const FEL cell& ¢, int i[]) const;
int iblank_at_vertex_cell(const FEL_vertex_cell& c,
int* i) const;
int combined_iblank_at_cell(const FEL cell& ¢, int* «ci) const;
int coordinates_and_iblank_at_cell(const FEL cell& c,
FEL_vector3f_and_int[] ci) const;
int coordinates_and_iblank_at_vertex_cell( const FEL vertex_cell&

FEL_vector3f _and_int*

Foracellc, iblank _at _cell andiblank _at vertex _cell producelBLANK
values,onefor eachvertex in c. Thecall combined _iblank _at cell produces
singleintegerci thatis abitwise combinationof thefollowing 4 flags:

e FEL_.PLOT3D_HAS_IBLANK _1
e FEL PLOT3D_HAS_IBLANK _2
e FEL PLOT3D_HAS_IBLANK _0
e FEL_.PLOT3D_HAS_IBLANK _LT_0

ThecombinedBLANK callis handyfor quickly determiningvhetheramorethorough
analysisof the IBLANK valuesfor a cell is necessaryThe flagsaredesignedso that
a bitwise combinationof themwill resultin anintegervaluebetweenl and15. FEL
meshesalso provide the “coordinatesandiblank” calls, whereone canrequestboth
typesof datasimultaneously

OnecanconfigureameshmsothatacombinedBLANK valueis returnecby point
locationroutines,usingthe call:

m->set(FEL_RETURN_IBLANK, 1);

ci)

C,
const;
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If locate finds a cell containingthe given point, thenthe combinedIBLANK for
thecell is returned.Note thatthe combinediIBLANK is anintegerbetweenl and15.
The locate function canstill return othervalues,for exampleto indicatethat the
givenpointis outsidethemesh.SeeFEL returns.h ~ for acompletdist of thereturn
values.



Chapter 12

Structur ed Meshes

In FEL, structuredmeshegonsistof hexahedralcells (andall their faces) with areg-
ular organizationsuchthat the verticesof the meshcanbe indexed by 3 indices,just
asonewould index a 3-dimensionabrray Theindicesareusuallywritteni, j, andk.
Topologicalinformation, suchasincidencerelationshipsamongcells, is represented
implicitly. Geometricinformation, such as the coordinatesof vertices,can be rep-
resentedmplicitly or explicitly, dependingon the particular subclassof structured
mesh. Subclassesf FEL_structured  _mesh, in particularthe curvilinear mesh
subclassegresomeof themostheavily usedclassesn FEL.

12.1 Simplicial decomposition

Whenworking with structuredmeshesthe userhasthe choiceof 3 simplicial decom-
positionmodes. Mode 0 correspondso no decomposition.Modes1 and 2 specify
decompositionsvhereeachhexahedronis brokeninto 5 tetrahedra.Therearetwo 5-
tetrahedralecompositionpossiblefor a hexahedron.In orderfor the decompositions
to be consistenbetweeneachpair of adjacenthexahedrathe decompositiorfor each
hexahedrormustbe the oppositeof its adjacenneighbors.Thus,giventhe decompo-
sition choicefor onehexahedronn a structuredmesh thechoicesfor all theremaining
hexahedraare forced. FEL organizesthe 2 decompositionsn termsof “odd” and
“even” vertices,wherethe odd andevendesignationgomefrom thevertex 4, j, andk
indices.A vertex is evenif thesum(i + j + k) is even,otherwiseit is odd. In decom-
positionmodel, thediagonalsaddedo decompos¢he quadrilateralgo betweereven
vertices.Thedecompositiorthoicesfor the6 quadrilaterafacesof ahexahedroreave
only onepossibletetrahedraecompositionln decompositiormode?2, the diagonals
go betweernddvertices andthe hexahedraldecompositiorfollows suit.

12.2 Cell incidencerelationships

FEL_structured _meshimplementghestructuredneshsupportor theup_cells
anddown_cells memberfunctions. Table 12.1 summarizeghe combinationsof
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To
0O 1 2 3
O| e u
From 1|d | e
2|d|{d]|e|u
3|(d|{d|d]|e

Table12.1: The supporteccombinationdor up_cells anddown_cells . Eachbox
in the grid represents combinationof From cell dimensionand To cell dimension.
Combinationsnarkedwith d aresupportedy down_cells()  , combinationsnarked
with u aresupportedy up _cells() . Theboxesmarkede aretrivially supportedy
eitherdown_cells() orup_cells() . Emptyboxesindicateunsupportedombi-
nations.

“from” and“to” cell dimensionssupported.Fromthetable,for example,onecansee
thatsincethereis ad in row 3, columnO, onecanusethemethoddown_cells  to get
from ahexahedror(3-cell) to its vertices(0-cells). The samesupportis availablewhen
simplicial decompositionis turnedon; thus, given a subtetrahedronpne can get its
verticesvia down_cells . In generalthe samefrom” and“to” pairsaresupported,
regardlesof the simplicial decompositiormode.

TheFEL structuredneshclassalsoimplementgheadjacentellsmethodfor struc-
turedmeshesCurrentlyadjacent _cells isimplementedor hexahedraandsubte-
trahedraonly.

12.3 Canonical cell enumeration

FEL_structured _mesh currently supportsa canonicalenumerationof vertices,
hexahedraand subtetrahedraThe enumeratiorfor eachtype of cell correspondso
the orderingin which aniteratorwould producethe cells if iterating over the whole
mesh.In termsof thecell 7, j, andk indices,thes index would vary the fastestk the
slowest.If simplicial decompositions turnedon, thenall thetetrahedraesultingfrom
decomposing particularhexahedrorarenumberedconsecutiely.

12.4 Computational spacesupport

int coordinates_at_structured_pos(cons t FEL_structured_pos&
FEL_vector3f* C) const;
int  jacobian_at_vertex_cell(const FEL vertex_cell& v,
FEL_matrix33f* m) const;
int  contravariant_phys_to_comp_vector( const FEL vertex_cell&

const FEL_vector3f&

FEL_vector3f* cv) const;

pv,

int  contravariant_phys_to_comp_vector( const FEL_structured_pos&

const FEL_vector3f&

pv,

VC,
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FEL_vector3f* cv) const;

12.5 Structur ed meshdimensions

FEL providesaccesgo the dimensionf a structuredmeshvia the memberfunction
get _structured _dimensions()

int get_structured_dimensions(int d[]) const;

Thefunctionis definedaspartof theinterfaceof FEL_mesh, thusonedoesnothaveto
castan FEL_mesh_ptr downto anFEL_structure  _mesh_ptr in orderto make
the call. Thefunctionreturnsl on succes®r O if the call is inappropriatege.g.,if the
call is madeon anunstructurednesh.

Theget _structured  _dimensions()  call canalsobeusefulfor distinguish-
ing objectsthat have structuredmeshbehavior from thosethat do not. We say“has
structuredmeshbehavior” ratherthan“is a structuredmesh”becauseot all meshes
with structuredmeshbehaior are subclassesf FEL structured  _mesh. In par
ticular, a transformedmesh (Chapter14) built in terms of a structuredmeshhas
structuredbehavior, e.g., one can requestthe structureddimensions,yet it is not a
structuredmesh.Thusthecall get _structured  _dimensions() s preferablgo
is _structured _mesh() , sincethefacta meshis transformedshouldbetranspar
entto aroutinethatrequiresanobjectwith structuredmeshbehaior.

12.6 Axis-aligned structured meshes

Axis-alignedstructuredmeshesaremeshesvherethe cells arealignedwith the coor
dinateaxesin physicalspace. Axis-alignedmeshesn FEL may have eitherregular
or irregular axes. A regular axis is an axis wherethe spacingbetweenneighboring
verticesis constantAn irr egular axisis anaxiswherethe spacings notobligedto be
the samethroughout. An axis-alignedstructuredmeshwhereall the axesareregular
is alsoknown asaregular mesh Axis-alignedmeshescanbe thoughtof asmeshes
definedby the Cartesiarproductof regularor irregularaxesalignedwith the physical
spaceaxes.

Axis-alignedmeshesave the advantageof requiringfar lessmemorythancurvi-
linearmeshegdescribedaterin this chapter) sincecoordinategsanberepresentedn-
plicitly. (PLOT3D IBLANK valuesareassumedo be 1 for everyvertex.) Axis-aligned
mesheslsohave theadvantageof moreefficient pointlocation,sincetheregularity of
the geometryadmitssignificantoptimizationsover the moregeneralcurvilinearmesh
case.

FEL provides classesrepresentingaxis-alignedmesheswith all regular axes,
mesheswith regular z andy axesbut an irregular z axis, and meshesvherethe z
axishasdimensionl. Theclassconstructordook lik e:

FEL_regular_mesh(int do, int di, int d2,
char* nm = "regular_mesh");
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FEL_regular_mesh(int do, int di, int d2,
float sO, float s1, float s2,
char* nm = "regular_mesh");
FEL_regular_mesh(int do, int di, int d2,
float sO, float sl1, float s2,
float 00, float o0l1, float 02,
char* nm = "regular_mesh");

FEL_regular_xy_irregular_z_mesh(i nt do, int di, int d2,
float 00, float sO,
float o1, float sl1,
float* coordinates2,

char* nm = "regular_xy_irregular_z_mesh");

FEL_regular_mesh2(int do, int di,
float sO, float s1,
char* = "regular_mesh2");

The parametersl0, d1 andd2 specify the dimensionsof the meshin I, J, andK.
Thenmparametegivestheusertheoptionof providing a charactestringnamefor the
mesh.Thesecondconstructofor FEL regular _mesh givestheusertheopportunity
to specifythe spacingbetweeradjacenwerticesusingthe parameters0, s1, ands2.
The origin for regular axescanalsobe specifiedusingthe agument0, 01, ando2
in thethird constructor

TheclassFEL_regular _mesh2 is usedfor representingegularly griddedrect-
angles. The agumentsfollow the same pattern as for the hexahedral meshes.
An FEL_regular _mesh2 instancelies in the z = 0 plane. The third com-
ponentof FEL phys _pos and FEL structured  _pos argumentsis ignored by
FEL_regular _mesh2. Thus,thelocate memberfunction,givenapointp € R?,
essentiallyprojectsp down to the z = 0 planeandthenlocatesthe quadrilateralto
which p projects.

The default interpolationmode with FEL regular _mesh2 is of type nearest
neighbor Simplicial decompositions not currentlysupportedor this class.

12.7 Curvilinear meshes
Curvilinear meshesare the most generaltype of structuredmeshin FEL. The class
FEL _curvilinear _mesh is actually an abstractclass. The classederived from
curvilinearmeshthatthe usercaninstantiateare:

e FEL curvilinear _mesh_xyz _layout

e FEL curvilinear _mesh_xyzi _layout

e FEL curvilinear _mesh_xyzi field _ayout
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Therearealsopagedcurvilinearmeshclassesdescribedn Chapter23. The“lay-
out " suffixes distinguish how the data describingthe coordinatesand in some
casedBLANK areprovided. Thexyz _layout meshworks with an array of type
FEL_vector3f thatcontainghecoordinate®f thevertices.Thez, y, andz compo-
nentsof eachvertex arecontiguousn memory asthey arein eachFEL vector3f
In termsof thestructuredneshl, J,andK coordinatestheverticesareorderedsothat!
variesthefastestindK the slowest. IBLANK valuesareassumedo be 1 everywhere.
The xyzi _layout meshworkswith an array of type FEL_vector3f _and_int .
The layout is the same as for the xyz mesh, except that each vertex has an
IBLANK value interleaved with the coordinates. The xyzi _field _layout
is constructedwith a field where the node type is FEL vector3f _and._int .
When a FEL _curvilinear _meshxyzi field _layout is queriedfor coordi-
natesor IBLANK data, it in turn queriesthe field it was constructedwith. The
xyzi field _layout curvilinear meshis typically usedto representunsteady
meshesseeChapter26.

The constructorgorrespondingo theclassesabove are:

FEL_curvilinear_mesh_xyz_layout(

int do, int di, int d2,

FEL_vector3f* Xyz,

const char* nm = "curvilinear_mesh_xyz_layout");
FEL_curvilinear_mesh_xyzi_layout(

int do, int di, int d2,

FEL_vector3f_and_int* Xyzi,

const char* nm = "curvilinear_mesh_xyzi_layout");
FEL_curvilinear_mesh_xyzi field layo ut(

int do, int di, int d2,

FEL_vector3f_and_int_field_ptr xyzi_field,

const char* nm = "curvilinear_mesh_xyzi_field_layo ut");

Eachconstructottakesthel, J,andK dimensionf the meshasthefirst 3 aguments.
The next agumentis specificto the particulardatalayout: the argumentis eithera
pointerto a buffer or a field pointer Thusif the userhasa buffer in an appropriate
layout,thenhe or shecanconstructa curvilinearmeshdirectly.

In the future theremay be othermemorylayoutssupportedoy FEL via moresub-
classef FEL curvilinear _mesh. Onelayoutthat may be of particularinterest
is the casewherethe X, Y andZ coordinatevaluesarein separatarrays,i.e., notin-
terleavedtogether Suchalayoutcommonin FORTRAN applicationsandin somefile
formats.

The corventionin FEL for meshandfield constructorss thatary buffer provided
asa constructoragumentbecomeshe reponsibility of the FEL objectto deallocate.
SinceFEL will usethedestructodelete [] to dothedeallocationjt is important
thatthe userallocatethe memoryusingthe C++ allocationstyle for arrays,i.e., new
[l . Forinstance,if the buffer is an array of FEL_vector3f , thenthe allocation
shouldlook somethindike:

FEL_vector3f* xyz = new FEL_vector3f[n_vertices];
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If theuserhasabuffer allocatedn someothermanneyor in generaif theuserdoesnot
wantFEL doingthe buffer deallocationthenfor ameshmonecanusethe statement:

m->set(FEL_SUPPRESS_DEALLOCATION, 1);

If the userspecifiesdeallocationsuppressionthenhe or sheremainsresponsibldor
themanagememf the databuffers. SeeChapter7.

12.8 Curvilinear meshpoint location

Curvilinear meshednherit the interfaceof the two overloadedversionsof locate
declaredn FEL_mesh. Bothversiongake anFEL _phys _pos asafirst agumentand
a pointerto a cell wherethe resultwill be written asthe lastagument. The second
versionof locate takes an extra agumentthat is usedas a start cell for walking
pointlocation. Givena startcell, locate  for a curvilinearmeshwill walk from cell
to cell until a cell containingthe given point is found. If locate with a startcell
is unsuccessfulor if no start cell was provided, then curvilinear meshesusesfour
techniquedo determinevhetherthe meshcontainghe givenpoint. Thetechniquedo
locateapointp are:

(1) Testif pisin themeshboundingbox.

(2) Startingatthe(computationatoordinatesgenterof eachof the6 meshboundary
sides,use an adaptve vertex walk to get closeto p. Startingfrom the walk
destinatiorclosesto p, do atetrahedraivalk.

(3) Startingfrom ary of thedestinationsn (2) thathave notbeentried, do atetrahe-
dral walk.

(4) For each2-cellc ontheboundaryof the mesh computethe centroidof ¢ andthe
normalof ¢ facinginto the mesh.Choosehecell ¢ from which p is visible and
whosecentroidis closesto p. Do atetrahedraivalk from there.

Thetechniquesreorderedby computationatost;the fourth techniquen particularis
relatively expensve. The usercancontrolhow mucheffort a curvilinearmeshmputs
into pointlocationusingthecall:

m->set(FEL_LOCATE_EFFORT, level);

wherethe meshmay usethelevel i techniquef ¢ < level . By defaultthelevel is 4,
for multi-zonemesheghelevel for eachzoneis turneddown to 3.

The curvilinearmeshlocateroutinesreturn1 to signify successlf the meshfinds
a cell containingthe given point, it automaticallychecksthe IBLANK valuesof the
verticesof the containingcell. If any of the IBLANK valuesare 0, thenthe return
valuefor thelocatecall is 0.
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12.9 Curvilinear surfacemeshes

Another subclass of FEL_structured _mesh is FEL_curvilinear _sur-
face _mesh. The classrepresentsurfacesin R? composedf quadrilaterals. The
classhasseveral constructors:

FEL_curvilinear_surface_mesh(int do, int di,
FEL_vector3f* Xyz,
const char* = name_default);
FEL_curvilinear_surface_mesh(int do, int di, int d2,
FEL_vector3f* Xyz,
const char* = name_default);
FEL_curvilinear_surface_mesh(int do, int di,
FEL vector3f and_int* Xyzi,
const char* = name_default);
FEL_curvilinear_surface_mesh(int do, int di, int d2,
FEL vector3f and_int* Xyzi,
const char* = name_default);

ThedO0, d1, andd2 amgumentsspecifythe structuredmeshdimensions.If three*“d”
argumentsare provided, then exactly one of the threemustbe equalto 1, otherwise
the d2 dimensionis assumedo be 1. Following the “d” amgumentsis a pointerto
a buffer with the coordinatedataalone (FEL_vector3f* ), or the coordinatedata
with IBLANK values(FEL_vector3f _and_int* ). The usercanquerythe mesh
for coordinatesand IBLANK valuesusingthe same“at ” calls asfor othertypesof
meshes.The argumentsshouldcontainO in the “flat” dimension,i.e., the dimension
giventhevaluel in the constructor

Pointlocationfor surfacemeshess definedto meanlocatingthe 2-cell(i.e.,quadri-
lateralor triangle) whosecentroidis closestto a given point locationtargetp. If the
distancerom p to theclosestell centroidis shorterthanthelongestedgelengthof the
cell, thenthepointlocationis considereduccessfulCurrentlyit is not possiblefor the
userto changethethresholdfor decidingwhethera cell centroidis closeenough.

FEL alsosupportdteratingover a surface. The onedifferencewhenworking with
a cell iteratorand a surfaceis that the highest-dimensiorells in the meshare now
quadrilateralgor trianglesif simplicial decompositions turnedon), ratherthanhex-
ahedra.Otherwise the iteratorsareinitialized and usedjust aswith otherstructured
meshes.
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Figure12.1: A CFD visualizationof a deltawing in a single-zone structuredmesh.
The left sideof the wing displaysedgesfrom the mesh,theright side shavs contour
linesfor apressuralerivedfield. SeealsoFiguresl.1and13.1.(Datacourtesyof Neal
Chaderjianyisualizationcourtesyof Tim Sandstrom.)



Chapter 13

Unstructur ed Meshes

An unstructuredneshcanbe thoughtof asa collection of cells, without the regular
organizationof a structuredmesh. Currently FEL supportswo typesof unstructured
meshes.Thefirst, FEL tetrahedral _mesh, containstetrahedratriangles,edges,
andvertices.As partof thetetrahedrameshconstructionthe usercanprovide setsof
trianglesdefining particularsurfaces. Constructinga “tetrahedral”’meshwith setsof
trianglesbut no tetrahedras alsoallowed. The secondtype of unstructuredneshin
FEL isanFEL_scattered _vertex _mesh. Scattered/ertex meshesonsistsolely
of vertex cells.

13.1 Constructing a tetrahedral mesh

Theconstructorfor anFEL tetrahedrameshlookslik e:

FEL_tetrahedral_mesh(int n_vertices,
FEL_vector3f* coordinates,
int n_special_triangles,
FEL_vector3i* triangles,
int*  triangle_ids,
int n_tetrahedra,
FEL_vectordi* tetrahedra,
const char* = "tetrahedral_mesh");

Here n_vertices specifies the number of vertices in the mesh, coordi-
nates is an array containing the physical space coordinatesof each vertex,
n_special _triangles specifiesthe numberof itemsin the triangles array
andin thetriangle  _ids array EachFEL vector3i in thetriangles array
specifiesthe threevertex indicesof a triangle. The agumentsn_tetrahedra  and
tetrahedra  specifythe numberof tetrahedraandthe verticesof eachtetrahedron,
respectiely. The vertex numberingin thetriangles andtetrahedra  arraysis
expectedto be FORTRAN style, i.e., the numbersshouldrefer to verticesasif they
werenumberedL to n_vertices  ratherthanO to n_vertices - 1. Thebuffers
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To
0O 1 2 3
O e u
From 1 °
2|d e | U
3|d .

Table 13.1: The combinations supported by FEL tetrahedral _mesh for
up_cells anddown_cells calls. Eachbox in the grid representsa combina-
tion of From cell dimensionand To cell dimension. Combinationsmarked with d
are supportedby down_cells() , combinationsmarked with u are supportedby
up_cells() . Theboxesmarkede aretrivially supportedy eitherdown _cells()
orup_cells() . Emptyboxesindicateunsupportedombinations.

coordinates ,triangles ,triangle _ids ,andtetrahedra  passedn to the
constructobecomethe responsibilityof the tetrahedrameshto deallocatevhenthey
arenolongerneeded.

13.2 Cell incidencerelationships

Table 13.1 summarizeghe currently implementedsupportfor incidencerelationship
querieswith tetrahedrameshes.From the table one cansee,for example,that FEL
tetrahedrameshesupportqueriesrequestinghe verticesof atriangle (From2 To 0),
or the tetrahedrahat a triangle is the faceof (From 2 To 3). Queriesfor From/To
combinationsvhich arenot currentlysupportedeturnO.

Theadjacent _cells callis supportedor tetrahedrabrgumentsonly.

13.3 Canonical cell enumeration

FEL _tetrahedral _mesh currently supportsa canonicalenumeratiorof vertices,
triangles,andtetrahedra.No enumeratioris currently supportedor edges.The enu-
merationfor eachtype of cell correspondso the orderingin which aniteratorwould
producethe cellswheniteratingover thewhole mesh.

13.4 Surfaces

In structuredhexahedralmeshespone can easily definea surfaceby holding one of
thet, j, or k indicesconstant.Suchsurfacesare often usedto represenentitiessuch
asthe fuselageof an aircraft. Specifyinga surfacein a tetrahedralmeshis not as
easy To compensatdor this, setsof trianglescan be designatedhs representinga
surfaceby themeshgeneratarandalisting of thespecialrianglescanthenbeincluded
as part of the dataset. For instance,the unstructuredmeshfile format definedby
PLOT3D [WBPE9] supportdhespecificatiorof trianglesets.eachsetwith aninteger
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identity number Notethatthe FEL _tetrahedral _mesh constructorstartswith an
arrayof trianglesandanarrayof identity numberspnefor eachtriangle.As partof the
construction,FEL _tetrahedral _mesh mustdeterminethe uniquesetof identity
numbersandthenrearrangehe trianglesinto their correspondingets. The usercan
queryaboutthe numberof predefinedriangle setsandgettheir identity numbersvia
thetetrahedrameshcalls:

int get n_triangle_sets() const;
void get triangle_set ids(int ids[]) const;

Using one of the predefinedsetidentity numbers,one caninitialize an iterator and
loop over the trianglesor verticesof a given surface. Seethe chapteron iterators
(Chapterl6) for moredetails.

13.5 Point location

As with structuredmeshespoint locationfor a point p in tetrahedrameshworks by
“walking” from 3-cell to 3-cell, until a cell containingp is found. The tetrahedral
meshlocate is overloadedjustasin the structuredmeshcase sothatthe usercan
provide a startcell for thewalking searchlf thewalking searchwith a givenstartcell
is unsuccessfulpr if no startcell is given,thena globalsearchoverthe whole meshis
done.

13.6 Constructing a scattered vertex mesh

Theconstructorfor a scatteredrertex meshlookslik e:

FEL_scattered_vertex_mesh(int n_vertices,
FEL_vector3f* coordinates,
const char* =
"scattered_vertex_mesh")

Thearraycoordinates  containan_vertices  of coordinatesi.e., coordinategor
eachvertex. Theoptionalfinal algumentgivestheusertheopportunityto giveaspecific
nameto themesh.

As with ary meshsubclassthe scatteredrertex meshsupportghe standardnem-
berfunctionsinheritedfrom FEL_mesh. Cell incidencerelationshipsaretrivial, since
thereareonly 0-cells. The canonicalenumeratiorof the verticesis the sameordering
as provided to the meshconstructor Point locationis definedas locating the ver
tex closestto the given searchpoint. Interpolationis simply nearesineighbor The
FEL cell _iter andFEL.vertex _cell _iter bothhavethesamebehaior,i.e.,
bothiterateover vertex cells.
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Figure13.1: A CFD visualizationof afighterusinganunstructuredtetrahedraimesh.
Theleft sideof theaircraftdisplaysedgedrom the mesh theright sideshawvs contour
lines for a pressuraderived field. SeealsoFiguresl.1 and12.1. (Datacourtesyof
NASA Langley ResearcltCenter visualizationcourtesyof Tim Sandstrom.)
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Transformed Meshes

For domainswherethereis sometype of symmetry computationalscientistsoften
take advantageof the symmetryto modela smaller fundamentatiomain. Theresults
from modelingsucha domaincanthenbereplicatedandtransformedo fill theoriginal
domain.For example,in someturbomachinengtudiespnly onesectorof aradially pe-
riodic domainmay be simulated.Whenvisualizingthe resultsfrom suchsimulations,
the scientistmay only needto visualizethe resultswithin the fundamentatlomain,or
thescientistmaywishto seetheresultsreplicatedo look lik e the actualturbomachine.
See,for example, Figure 14.1. In somecases,t may be sufficient to generatethe
graphicsprimitivesfor the fundamentadomainandthendraw the primitivesrepeat-
edly, applyinga differenttransformatioreachtime. In othercasesreplicatinggraphics
primitivesmay not be enough.For instancewhenusingparticletracingvisualization
techniquesa scientistmay beinterestedn seeingthe tracescontinuebeyondthe fun-
damentaldomain. In general,thereare occasionsvhenone would like to treatthe
simulationresultsasif they filled the whole original domain,without regardto ary
symmetryoptimizationshatmayhave beenemployed.

FEL supportsthe representatiof mesheswvith periodic symmetriegshroughthe
subclassesf FEL transformed _mesh. Transformedneshesare constructedvith
an original meshand the datadescribinga particulartransformation. Transformed
mesheglo not replicatethe meshdata;thusonestill enjoys mostof the memorysav-
ings dueto not constructinga meshfor the whole original domain. At the sametime,
transformedmeshedave the sameinterfaceasordinarymeshesandcanbe usedjust
asnon-transformednesheswith no specialtreatment.The transformedmeshclasses
emulaterigid bodytransformationstranslationandrotation. A transformedmeshcan
be constructedgiven ary FEL meshinstance,including single-zonemeshesmulti-
zonemeshesandevenothertransformedneshesSeethe meshclasshierarchyfigure
(Figurell.1)for arefresheonthe FEL meshfamily.
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Figure14.1: A close-upof a periodicdomainmodelinga turbine[GBD96]. The fun-
damentabomainusedfor the simulationwould extendupwardfrom thewhite regions
atthe baseof the blades.Datacourtesyof KarenGundy-Burlet,visualizationby Tim
Sandstrom.
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14.1 How transformed mesheswork

A subclasof FEL transformed _mesh is constructedwith the meshto be trans-
formed and the datarequiredfor a particulartransformation’. For meshmember
functionsthatdo notdependnthe meshgeometrysuchascard andup_cells ,the
transformedneshsimply delggateghecall to theoriginal mesh.For memberfunctions
involving themeshgeometrysuchascallsproducingcoordinate®r theboundingbox,
atransformedneshmakesthecorrespondingall ontheoriginal meshandthenapplies
T to theresult. For pointlocation,a meshrepresenting transformatioril” appliesthe
inversetransformatiori’ —* to the given point andthencalls the locateroutineon the
original mesh usingtheinversetransformecdoint asanargument.

14.2 The transformed meshsubclasses

ThetransformedneshsubclasseareillustratedunderFEL _transformed _meshin
themeshhierarchy(Figure11.1). The constructorgor transformedneshclassesre:

FEL translated_mesh(FEL_mesh_ptr m, const FEL vector3f& t,
char* nm = "translated_mesh");
FEL_rotated_mesh(FEL_mesh_ptr, const FEL_matrix33f& r,
char* nm = "rotated_mesh");
FEL_x_rotated_mesh(FEL_mesh_ptr m, float a,
char* nm = "x_rotated_mesh");
FEL y rotated_mesh(FEL_mesh_ptr m, float a,
char* nm = "y rotated_mesh");
FEL_z rotated_mesh(FEL_mesh_ptr m, float a,
char* nm = "z_rotated_mesh");

Eachconstructotakesameshm andanoptionalnamenm FEL translated _mesh

emulatesa translationby a vectort. The FEL_rotated _mesh classesemulate
rotation transformations. The rotationsare representedy a 3 x 3 matrix r such
that given an original point p and a matrix R, the transformedpointp’ = R x p.

FEL alsoprovidestheclasse$-EL x _rotated _mesh, FEL_y rotated _mesh, and
FEL_z _rotated _mesh for representingotationsaboutthe z, y, andz axes,respec-
tively. Theanglea shouldbein degrees.Theseclassesnake it easierto constructa
meshrotatedabouta particularaxis, sinceone doesnot have to remembetthe matrix
terms. Therotationsubclassealsomale it possibleto do someoptimizations,since
the transformationganbe computedn fewer floating-pointoperationghanrequired
for thegenerarotationcase.
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Chapter 15

Multi-Zone Meshes

Multi-zone meshesare representedn FEL by the class FEL_multi _mesh. A
multi-zone mesh consistsof 1 or more zones, where each zone is a subclassof
FEL_single _mesh or perhapsa transformedversionof somesingle meshobject
(seeChapterl4). Notethatthe zonesdo not have to beall of the sametype, for exam-
ple,onecouldconstruca multi-zonemeshcontainingbothstructurecandunstructured
zones.A multi-zonemeshwith a zonethatitself is a multi-zonemeshis not allowed,
becausebjectssuchas cells that needto specifya zonecontaina singleinteger for
thatpurposeandtheintegeris usedto index into a singlelevel of hierarchy

For mostmeshmemberfunctions,a multi-zonemeshsimply delegatesthe func-
tion call to a particular zone. In particular memberfunctions that take an in-
coming argumentcontaininga zone number can be immediately delegated. The
FEL classesFEL_cell and FEL_structured _pos both contain zone integers,
but FEL_phys _pos does not. By default, the zone in an FEL_cell or an
FEL structured  _pos is setto FEL. ZONEUNDEFINED It is an errorto call a
multi-zone meshmemberfunction with an incoming argumentcontainingan unde-
finedzone.

15.1 Point location, IBLANK, and PLOT3D

Pointlocationis the mostdifficult taskthata multi-zonemeshmustsupport. Givena
pointp to locate,a multi-zonemeshmustfind a zoneanda cell containingp. In gen-
eral,thetaskis complicatechy thefactthatzonescanoverlap;thusp maybelocatedin
notjust a singlezone,but possiblymultiple zones.Whenthereis morethanonezone
containingp, thena “best” zonemustbe chosen. Thus, to be completelythorough,
a multi-zonemeshwould attemptto locatep in every zoneandthenchoosethe best
result. The test-every-zoneapproachis effective, but too expensve for mostapplica-
tions. FEL usestwo stratgjiesto improve uponthe typical multi-zonepoint location
performancesothatin mostcaseghetest-e/ery-zoneapproachs notnecessary
Thefirst strategyy for acceleratingoint locationis the sameasthatusedwith other
FEL meshtypes: provide a startcell for the walking point location. SinceFEL cells
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containa zonenumber aninitial cell agumenteffectively providesboth a zonez to
searcHirstandacellin z to startfrom. If thestartcellis closeto thelocationof thenew
pointp, thenit is possiblethata cell containingp canbefoundquickly. Unfortunately
with amulti-zonemeshthereis still the problemthatthepoint p couldbein morethan
onezone;thusevenif thegivenstartcell leadsguickly to acell ¢ containingp, thereis
no assurancthatc is theonly cell containingp, or thatc is the bestcell containingp.

Thesecondstratey for acceleratingpointlocationaddressetheoverlappingzones
issue,andin generakheissueof which zoneto try next if pointlocationin aparticular
zonefails. The strategy relieson PLOT3D [WBPE9] IBLANK values.Recallthatin
PLOT3D, anintegerIBLANK of —z canbeusedto suggesanotherzonez to searchlf
pointlocationin a paricularzonefails,thenanegative IBLANK still makesit possible
to avoid resortingto the test-erery-zonestrategyy. Furthermorejf point locationin a
particularzoneis successfulthenthelack of negative IBLANK valuescanbetakento
meanthatthereareno otherzonesoverlappinga given point, thusno moresearching
is needed.

IBLANK is alsousedby PLOT3D to flag nodeswherethefield datavaluesarenot
valid (IBLANK of 0). As with curvilinearmeshesFEL returnsan unsuccessfypoint
locationreturncoderatherthana cell with a0 IBLANK. In casesvherethereis more
thanone0-IBLANK-free cell containinga givenpoint, FEL mustchoosethe bestone.
FEL chooseshecell with thesmallestvolume,sincesmallercellstypically comefrom
higherresolutionmeshes.

FEL is designedo be explicit aboutfeaturesthat are specificto a particularfile
format or CFD standardas muchso asis practical. For multi-zone meshpoint lo-
cation, FEL dependaponIBLANKS, thusthe point location codeis PLOT3D spe-
cific. The PLOT3D dependeng is madeexplicit in the FEL meshclasshierarchy:
FEL_multi _mesh inherits from FEL_mesh, and FEL plot3d _multi _mesh in-
herits from FEL_multi _mesh (seeFigure11.1). FEL_.multi _mesh containsthe
vastmajority of theinterfaceandimplementatiorfor multi-zonemeshestheplot3d
classmplementgointlocation.In thefuture,othermulti-zonemeshclasseganbede-
rivedfrom FEL_multi _mesh, eachwith its own systemfor representingnformation
analogougo IBLANK.

15.2 Constructing a multi-zone mesh

TheclassFEL_multi _mesh is anabstractlass;to make a concretemulti-zonemesh
object,onemustcurrentlyusethe PLOT3D class.Theconstructotookslike:

FEL_ plot3d_multi_mesh(int n_meshes, FEL_mesh_ptr* meshes,
char* nm = "FEL_plot3d_multi_mesh");

The parametemn_meshes specifiesthe numberof meshesmeshes is an array of
pointersto meshes.lt is the responsibilityof the multi-meshclassto deallocatethe
meshpointerarraywhenthe multi-meshis destructed.

All FEL mesheseturn IBLANK valuesof 1 by defaultif no IBLANK dataare
provided. ThusonecanconstrucanFEL plot3d _multi _mesh instanceavenif the
individual zonesdo not containexplicit IBLANK information. Pointlocation efforts
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will tendto beslower, sincetherewill be no zonejumping hints,andsituationswhere
apointis containedn morethanonezonewill notbedetected.
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Chapter 16

[terators

Iteratorsprovide an interfacefor looping over the cells in a mesh. The iteratorin-
terfaceis independenbf the particular meshtype, for example whetherthe mesh
is structuredor unstructured. FEL iteratorswork with the generalizedcell object
FEL_cell ; thusiteratorscan representot just hexahedraor tetrahedrabut also
lower-dimensionalcells such as vertices, triangles, and quadrilaterals. The class
FEL_cell _iter providesthe generalcell iteratorfunctionality FEL alsoprovides
the classFEL_vertex _cell _iter , which is usedin a mannervery similar to
FEL_ cell _iter ,exceptthattheiteratoronly representsertices(“vertex cells”).

16.1 Basiciterator usage

Thebasicuseof iteratorsinvolvesfour operationsinitialization, adonetest,advancing
tothenext elementanddereferencingThefollowing codefragmentillustratesall four
operations:

FEL _mesh_ptr mesh;

FEL vertex_cell_iter iter;

FEL_vector3f C;

int res;

for (mesh->begin(&iter); liter.done(); ++iter) {
res = mesh->coordinates_at vertex_cell(* iter, &c);
cout << *iter << " coordinates: " << ¢ << endl

}

The initialization is handledby the begin methodsupportedby all FEL mesh
classesThetestwhethertheiteratoris doneis accomplishediia thedone() method
of iterators.Advancingtheiteratoris accomplishedia the++iter  call, andtheitera-
toris dereferencedsingthe*iter  syntax.Notehow thedereferencederatorcanbe
usedustasonewoulduseanFEL _vertex_cellalgumentg.g.,asanargumento coor-
dinates _at vertex _cell() . Onecanalsocall methodson*iter thatbelong
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to the FEL_cell class,but onemustbe a bit carefulaboutsyntax. In C++ (andC),
the“.” operatorhashigherprecedenc¢han“*”. Thus,for example,the expression
“*iter.get {djk() " would parsethe sameas “*(iter.get djk()) 7, which
would not compile since the classFEL cell _iter hasno methodget _ijk()

To accessthe methodsbelongingto the cell that an iterator representssuch as
get _ijjk() , oneshouldwrite “(*iter).get djk() ". (Theoperatomrequiredto
support-> syntaxis not currently definedin the library; thereforeone cannotwrite
“iter->get k() ")

In a secondexample,we highlight two variationsin the style of iteratorusage:

FEL_field ptr field;

FEL_ vertex_cell_iter iter, end;
field->begin(&iter);

field->end(&end);

for ( ; iter 1= end; ++iter) {

}

Thefirst variationshavs how onetestswhetheraniteratoris done:ratherthancalling
thedone() methodonecancreateaseparatéeratorobject,initialized by theend()
methodof meshesandthencomparethe original iteratorwith the end objectusing
the!l= operator The preferedFEL styleis theformer, i.e., usethedone() member
functionratherthanmakinga separatend object. Thelatterstyleis providedfor use
in the future with the StandardTemplateLibrary (STL) [MS96]. The examplealso
highlightsthe factthatthe iteratorinitialization routines(begin() andend() ) are
accessibleria thefield interface,soonedoesnot have to getthe meshassociatedvith
afield in orderto initialize iterators.

The usageof FEL cell _iter iteratorsis nearly identical to the vertex cell
iterator abore. Where FEL vertex _cell _iter appearsabove, one would in-
steadwrite FEL_cell _iter . Callstaking FEL_vertex _cell argumentswould
have to be replacedwith the appropriatecalls taking an FEL_cell argument.
FEL vertex _cell _iter objectsalways iterateover vertices. FEL cell _iter
iterators, on the other hand, by default, loop over the highest-dimensioncell
type in the mesh. The cell type producedby FEL_cell _iter iteratorsis also
a function of the simplicial decompositionmode for the mesh. So, for exam-
ple, given a structuredmeshcontaininghexahedra,an FEL_cell _iter produces
hexahedra, or tetrahedraif simplicial decompositionis turned on. For a struc-
turedsurfacemesh(FEL _curvilinear _surface _mesh), FEL_cell _iter pro-
ducesquadrilaterals,or trianglesif simplicial decompositionis on. Iteratorsover
FEL _tetrahedral _mesh instanceproducetetrahedraregardlesof the simplicial
decompositiorstate.Finally, cell iteratorsover FEL_multi _mesh instancegroduce
thehighest-dimensionell for eachzonein the mesh.
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16.2 Iterators and ordering

FEL iteratorsallow the userto specify subsetof cells over which to iterate,but the
orderin which theuserseeghecellsis fixed. For structuredneshesiteratorsadvance
thel index thefastestfollowedby J,thenK. SeeChapterl2for adescriptiorof how the
datamemberof anFEL_cell aresetin orderto specifya particularstructuredmesh
cell. With unstructuredneshesonly the | index is used.For the FEL _vertex _cell

iteratoron an unstructuredneshm the | index goesfrom 0 to m->card(0) - 1.
For the FEL cell iteratoron an unstructuredneshm the | index goesfrom 0 to
m->card(3) - 1.

In the caseof multi-zonemeshesFEL iteratorsprocessthe zonesin ascending
order, usingthe default orderof the meshfor eachzoneto control how the cells are
produced.

16.3 Iterating over meshsubsets

In somecasespnemaydesireto iterateover asubsebf the cellsof ameshratherthan
everyone. In orderto describea subsebf a mesh,onetypically mustknow aboutthe
meshtype, e.g., whetherthe meshis structuredor unstructured.Unfortunately this
impliesthatonemustgive up someof thethe meshtypeindependenceaffordedby the
default behavior of FEL iterators. Neverthelessmeshsubsetterationis importantin
certaincases FEL supportaneshsubseiterationvia optionalpairsof keyword-value
argumentgprovidedto thebegin() initialization statement.

Table 16.1lists the keywordssupportedn iteratorinitialization. Also includedin
eachof the S, U, andMM catgyorieswould be subclassesf the correspondingnesh
class,for instance FEL _curvilinear _mesh andFEL_regular _mesh would be
includedunderthe S category. The FEL_I _.MAXparametedefaultsto dim[0] - 1
for a vertex iteratorwith a structuredmesh. For unstructuredneshesfFEL_| _MAX
defaultsto card(0) - 1. FEL_J_MAXandFEL_K MAXarebothsetto 0.

The following excerptillustratesan examplewherethe iterator produceghe ver-
ticesontheK = 0 surfaceof a structuredmesh with a strideof 2 in thel andJ dimen-
sions:

FEL_field_ptr field;

FEL_vert_pos_iter iter;
int res;
res = field->begin(&iter, FEL K, O,
FEL_I_STRIDE, 2, FEL_J STRIDE, 2, 0);
if (res = 1)
for ( ; liter.done(); ++iter) {
}

Notethatthebegin() statemenabove now hasareturnvalue,sothatthelibrary
hasthe opportunityto indicatethat one hasprovidedinitialization algumentghatare
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Keyword Default Mesh Types
FEL_I _MIN 0 S, U, MM*
FEL_I _.MAX dim0] - 1| S,U,MM*
FEL_| _STRIDE 1 S,U, MM
FEL_J_MIN 0 S, MM*
FEL_J_MAX dim[l] - 1 | S,MM*
FEL_J_STRIDE 1 S, MM
FEL_.K.MIN 0 S, MM*
FEL_.K.MAX dim[2] - 1| S,MM*
FEL_K_STRIDE 1 S, MM
FEL_I (none) S, MM*
FEL.J (none) S, MM*
FEL_K (none) S, MM*
FEL_UNSTRUCTUREBURFACE| (none) U, MM*
FEL_ZONE 0 MM

Table 16.1: The FEL iterator initialization keywords. The charactersS,
U, and MM in the column Mesh Types stand for FEL_structured _mesh,
FEL_unstructured  _mesh, andFEL_multi _mesh classesrespectiely. The as-
teriskfollowing MM indicatesthatthe correspondindeyword is legal only if theini-
tializationis for a specificmulti-meshzone.

notvalid. For instancethestructuredneshinitializationroutinedetectsvhenthevalue
for a parametesuchasFEL_J_MAXis out of range,andreturnsa valuenot equalto 1
toindicatethiserror. Notealsothatthefinal algumento thebegin()  statemenimust
alwaysbeO0 in orderto indicatethatareno morekeyword/valuepairsto follow.

In thecasewhereoneis initializing aniteratorfor a multi-zonemesh someinitial-
izationkeywordsareallowedonly if onealsospecifieghattheiterationshouldbeover
a particularzone,usingthe FEL_ZONEkeyword. In Table16.1,the rows whereMM
is followed by an asteriskdesignatekeywordswhich areallowed only in conjunction
with multi-zonemeshesf oneis selectinga specificzone.Thisrestrictionis dueto the
factthatmostparameterssuchasFEL_I _"MAXor FEL_UNSTRUCTUREBURFACE
typically only make sensevhenappliedto a particularzone.

Theinitializationof FEL_cell _iter instancess doneusingthesamesetof key-
words as for FEL_vertex _cell iterators. The default valuesfor the parameters
arethe sameasfor vertex iterators,exceptthatthe FEL * _MAXvaluesfor structured
mesheareinitializedto dim[0] - 2,dim[1] - 2,anddim[2] - 2 forthel,
J,andK indices,respectiely.

For unstructuredneshesthe FEL_| _‘MIN and FEL_I _MAXparametergllow the
userto control the first andlast cell in the sequencef cells produced.Onecanalso
specifya stridevia FEL_| _STRIDE. ParametersontrolingJ andK areignoredby
unstructuredneshes.
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16.4 Iterating over surfaces

FEL iterators can also return vertices or cells from a surface. One can
have a surface either becausethe underlying mesh is a surface mesh (e.g.,
FEL _curvilinear _surface _mesh) or becausethe iterator initialization key-
wordsimply a surface.For structuredneshespnecanspecifya surfaceby holdingei-
therthel, J,or K index ataconstanvalue. Theiteratorinitialization keywordsFEL_I ,
FEL_J, andFEL_K areusedfor this purposeFor example,in thecodefragmentabore,
theiteratorinitialization specifieghe constanK = 0 surface.With structuredmeshes,
iteratingover a surfacewill producequadrilateralsor trianglesif a simplicial decom-
position modeis on. When iterating over a structuredsurface within a hexahedral
mesh,the decompositiorof the quadrilateralsnto trianglesmatchesthe tetrahedral
decompositiorof the hexahedran the original mesh.

With unstructuredmeshes,sometimesthe input file specifiessetsof triangles
which are taken to be part of a surface. Eachset of surfacetriangleshasan as-
sociatedindentification number The user can accessthesetriangle setsvia the
FEL_UNSTRUCTUREBURFACHKeyword, followedby atrianglesetlD number

16.5 Iterators andtime

Whenworkingwith time-varyingdata,onetypically needso initialize thetime compo-
nentof thecell representetly anFEL cell _iter oranFEL_vertex _cell _iter
Bothtypesof iteratorssupporthemethodsset _time() ,set _physical _time() ,
set _computational  _time() ,andset _time _step() . Usingthesetmethods,
onecaninitialize time for aniteratorjustasonewould for anFEL cell. By default,the
time associateavith acellis undefined NotethatFEL iteratorsdo notcurrentlyiterate
overtime, i.e., advancinganiterator(using++) doesnot changethe time setby set
callsdescribedmmediatelyabove. On the otherhand,the useris freeto usethe set
callswithin theiterationto manuallychangehetime value.
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Chapter 17

Fields

17.1 Fieldsin general

Thefield classhierarchyis the centerpiecef FEL. Conceptuallya field is a contin-
uousregion of spaceover which somephysicalquantityis continuouslydefined. At
ary givenspatiallocationin thefield, the associateghhysicalquantitymay vary with
time, or it may be time invariant. In finite-differencecomputationakimulations field
valuesare calculatedonly at discretepoints, but the spatialand temporalsampling
arechoseno yield a reasonablepproximationto a continuousphysicalsystem.The
FEL field classhierarchyattemptso provide a setof objectsandmethodgdatatypes
andfunctions)which allow the userto treatfinite-differencesimulationdataabstractly
ascontinuoudields,with minimal regardfor the actualunderlyingdiscretespatialand
temporalrepresentationMoreover, the FEL field classhierarchyprovidesmechanisms
for combiningdifferentfields,andfor corvertingonefield typeto anotheraccordingo
variousmathematicabr physicalidentities,sothatasfield valuesareretrievedthey are
operatedn by variousfunctions,andcanthusbe returneddirectly in a form suitable
for aparticulartask.

17.2 Fieldsin context

TheFEL field classhierarchyis rootedin FEL reference _counted _object via
FEL_mutex _reference _counted _object , sothatfieldscanbe managedising
referenceounting,andin athread-safenanner Referenceountingcanreduceunnec-
essarymemoryusage a particularlydesirablefeaturein the caseof fields, which can
bequitelarge. FEL_reference _counted _object alsoharborsacharactestring,
which canbeusedto nameary of its descendantsncludingfields.

Becausdfields are referencecountedobjects,they shouldbe createdonly on the
heap(via the new operator) usingFEL s smartpointersashandles.More on instanti-
atingfieldslater
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17.2.1 Typelesdields

Deriveddirectlyfrom thereferenceountingclassess FEL field , thetop of thefield
lineageproper Unlike all of the otherfield classeswhichinheritfrom it, FEL field

is nottemplatedandit containsnot justacommoninterface,but commoncodeshared
by all fields, regardlessof the type of field data. This node-type-independéode
mostly providesan interfaceto the field’'s mesh,andto two typesof iteratorswhich
traversethe mesh.Therearealsosomefunctionsfor translatingbetweerphysicaland
computationaktime, andfor retrieving various global physical quantitiesassociated
with thefield. Factoringout suchcodecommonto all fields, from the moreparochial
codeof particularfield types,not only embodiesa cleanconceptuakeparationbut it
alsomayreduceredundantodegeneratiorby compilersthattake an”all or nothing”
approacho templateinstantiation.

From a client’s point of view, FEL field s areimportantbecausehey arethe
common ancestorof all fields — hencea pointer to FEL field (typedefd as
FEL field _ptr ) canreferto a field of anytype. The FEL field pointerthus
providesthe meandoy which onecanstorehandlego potentiallydiversefield typesin
asinglehomogeneousontainersuchasanarray),or construcfunctionsto operateon
arbitraryfields. This featureis invaluablein writing generalpurposecode. Of course,
FEL field shavesuchageneridnterfacethatnotmuchusefulcanbedonewith them
without knowing somebasicfactsabouttheir actualinstantiationsmethodsto obtain
thesefactsareprovidedby the FEL field is _* _field() interface.

17.2.2 Typedfields

Derived from the genericFEL field is the templatizedFEL typed _field<T>
FEL_typed _field<T> isparameterizetly <T>, whichis aplaceholdefor thetype
of dataprovidedat eachnode. This parameterizatiomllows a singlebody of codeto
supportinstantiationof fields of any type, so long asthe type supportsa few basic
arithmeticoperationgseeChapter21). FEL_typed _field<T> specifiesthe type-
dependentnterfacecommonto all fields — primarily the at *() calls, which pro-
vide lazy evaluationof field valuesat given locationsin spaceandtime. For mary
applicationsthe at _*() calls arethe heartof the FEL userinterface. In addition,
FEL typed field providesacornveniencdunctionfor producingan“eagerlyeval-
uated”field: this functionprecalculate$ield valuesat eachnode,andstorestheminto
memory By eliminatingpotentiallyredundantalculationsgagerevaluationmaybea
logical choiceif oneplanson makingheavy useof a highly derivedfield.

Thereare at presenteleven immediatedescendantsf FEL_typed field (see
Figurel7.1). Themostheavily usedtypeswill bedescribedn moredetailin following
chaptersbut for now hereis a brief overview.

FEL_core _field<T>

A field whosenodevaluesresidein memory Corefields aretypically producedby
readinga PLOT3D solutionfile from disk, by executingget _eager field() , or
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FEL_core_field<T>

|[FEL_time_varying_field<T> |—[FEL_time_series_field<T>|—[FEL_fixed_interval_time_series_field<T> |

FEL_mesh_as_field<T>
FEL_cached_field<T>

[FEL_hash_cached_field<T>]

——[FEL_field >]—[FEL_typed_field<T> >} —[FEL_constant_field<T>|

[FEL_derived_field<TO> ]

FEL_multi_field<T>

{FEL_differential_operator_field<TO,FROM> |

FEL_paged_field<T>

{FEL_touch_counted_field<T>]

Figure 17.1: A portion of the FEL typed field hierarchy The subclasseof

FEL derived _field<T> and FEL differential _operator _field<TO,
FROM>do not appeatrin this diagram. SeeFigure 20.1 for the differential operator
subclasses.

by explicitly associatinga meshwith a nodebuffer in a corefield constructor See
Chapterl8.

FEL_paged _field<T>

Thisis afield whosenodevaluesarepagedin from disk on demand— usefulor even
imperatvefor extremelylargedatasets.SeeChapter23.

FEL_derived _field<TO>

Underthe lazy evaluationparadigm derivedfields are essentiallyfilters which trans-
form field dataaspartof their retrieval. Derivedfieldsarealwaysbuilt ontop of other
fields, and while the derivation chainscan be arbitrarily long, there mustalways be
at leastonefield at the bottomwhich canretrieve or manuficturea field value “au-
tonomously”to getthe wholething started.Derivedfields aretemplatizedby thetype
of datathey produce.SeeChapterl9.

FEL differential _operator _field1<TO,FROM>
FEL _differential _operator _field2<TO,FROM>

Thesearespecializedlerivedfieldswhich apply the nablaoperatorto scalaror vector
fields,producingotherscalaror vectorfields,usingeitherfirst- or second-ordeapprox-
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imationsfor the requiredderivatives. The differential operatorfields aretemplatized
by theirinputandoutputtypes.SeeChapter20.

FEL_constant _field<T>

Constanfiieldsreturnthe same(constantyaluefrom all locations.This canbe useful
for certainapplicationsvhichwantto combinefieldsalgebraically— for example,one
might shift theframeof referenceof a velocity field by addinga constant/elocity vec-
tor at all points. Note thatthe sameeffect canbe achievedwith derivedfield mapping
functions.

FEL_mesh_as _field<T>

This field typein effect createsa vectorfield whoseentry at eachnodeis just the po-
sition vector of the node, as given by the mesh. Thusthis field type constitutesan
adaptor, allowing oneto accessa meshusingthefield interface. Using this stratayy,
for instancepnecanimplementphysical-spaceutting surfaceson a meshby extract-
ing isosuraicedrom theassociate@FEL_mesh_as field . Themesh-as-fieldlsoal-
lows oneto corvertcomputationatoordinate$o physicalcoordinatesimply by using
FEL_mesh_as field::at _structured  _pos() , but FEL providesaspecialized
and more efficient way of doing this: coordinates _at _structured _pos() ,
callableonany mesh.

FEL_time _varying _field<T>

This field type andits subclasseprovide the additionalinterfacenecessaryo support
time-varyingdata.SeeChapter25.

FEL_.multi _field<T>

Thisfield typeis basicallya containerclasscapableof managingnultiple fields. It will
be usedprimarily for supportingrransformedields.

FEL_touch _counted _field<T>

Thisfield type simply sitson top of anotheffield andrecordsusagestatisticsfrom that
field. Suchstatisticscanbeveryinformative duringapplicationdevelopmenbr tuning,
asthey mayguidedecisionsaboutdeploymentof lazy evaluation,eagerevaluation,or
pagedields.

FEL_cached _field<T>

Thisfield is built ontop of anotheffield, andcachesiodequeryresultsfrom thatfield.
Field queriesonrevisited nodescanbe fetchedfrom the cache potentiallysaving time
by eliminatingredundantalculationson a highly derivedfield.
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FEL_hash _cached _field<T>

Similarto FEL_cached _field , but the cacheddatais storedin a dynamicallycre-
atedhashtable,insteadof in preallocatednemoryasin FEL_cached _field . The
hashingschememaysare alot of unnecessargtoragespacen sparselyaccessetields,
atthe costof slightly highercacheretrieval timescomparedo FEL cached _field
(but still potentiallyfasterthanpurelazy evaluation,on a highly derivedfield).

17.3 Fieldsin detall
17.3.1 Every field hasa mesh

A key datamemberof every field is its mesh,which is representedn the field by
a FEL_mesh_ptr . Every instantiatedfield must contain preciselyone valid mesh
pointer It is not possibleto createa field without supplyinga meshof the samecardi-
nality asthe databuffer, sinceeachnodevaluemusthave anassociatedpatiallocation
beforeit is possibleto carryoutsuchbasicoperationsaspointlocationor interpolation.

In contrasta given meshcanbe includedby any numberof fields,includingnone
atall. A meshby itself cansupportmary purely geometricoperationsyhetheror not
ary furtherdataareattachedo its vertices;anda singlemeshcanprovide the spatial
organizatiorfor mary typesof data,whetheror notthosedataresidein memoryor are
constructednthefly. A corefield andary derivedfieldsit supportswill alwaysshare
thesamemesh.

Thus in FEL there is a considerableasymmetry betweenmeshesand (non-
positional)nodedata. The FEL paradigmdependsn a one-to-manyut nevertheless
tight binding betweena meshandits nodedata. The main businessf creatinga core
field is establishinghisbinding; any derivedfield merelyinheritsits inputfields’ mesh.

The FEL_mesh_ptr insidea field is protectedwhich meansyou cant accesst
directly. Theaccesdunctionget _-mesh() , whichyou cancall onary field, returnsa
pointerto thefield’s mesh.You canusethis pointerto construciotherfields, or to call
ary of thepublicly availablemeshfunctions.For example:

void foo(FEL_field_ptr field)

{
FEL _mesh_ptr mesh = field->get_mesh();
FEL_vector3f lo, hi;
mesh->get_bounding_box(&lo,&hi);
FEL_vector3f_field_ptr coord_field =
new FEL_mesh_as_vector3f field(mesh);
FEL_cell _iter ci;
FEL_vector3f pvec[FEL_CELL_MAX_NODES];
for (mesh->begin(&ci); Ici.done(); ++ci)

coord_field->at_cell(*ci,pvec);
isosurface(pvec, o)

}
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}

Several of the commonlycalled methodson FEL_mesh have alsobeenputin the
FEL field interface,soyou cancall themdirectly on afield without first retrieving
thefield’s meshpointer In thesecasesthefield merelyforwardsyour functioncall to
its mesh.Functionsn this category include:

int  card(int);
int get _n_zones();

void set(FEL_set keyword_enum, int)

int coordinates_at_cell(const FEL cell&, FEL_vector3f m;

int coordinates_at_vertex_cell(const FEL vertex_cell&,
FEL_vector3f*);

int  convert_time(const FEL_timeé&,

FEL_time_representation_enum,
FEL time*) const;

andtheiteratorfunctions:

void begin(FEL_vertex_cell_iter*);

int  begin(FEL_vertex_cell_iter*, int, ..);
void end(FEL_vertex_cell_iter®);

void begin(FEL_cell_iter*);

int  begin(FEL_cell_iter*, int, ..);

void end(FEL_cell_iter*);

SeeChapterl1for detailsof thesefunctions.

17.3.2 Theat *() calls

Theat *() callsallow oneto retrieve field valuesat arbitrary locationsandtimes
within the computationatiomain.Locationsandtimescanbe specifiedn eithercom-
putationalor physicalcoordinateswith thepreviously notedexceptionthatfieldsbased
onunstructureaneshesion't (cant!) supportcomputationaspatialdimensionsSince
theat *() callsaredeclaredo returnfield valuesof a specifictype, they areintro-

ducedto thefield interfacein the templatizedFEL typed _field<T> ,thecommon
ancestoof all instantiablefields.

In additionto being parameterizedby the type of field value beingretrieved, as
justmentionedtheat _*() callsarenamedaccordingto thetype of thefield location
beingqueried.This schemevasadoptedratherthanoverloadingon locationtype, for
reasonsnvolving C++ function hiding. FEL's designdictatesthat variousspecialized
field typesredefinecertainfunctionsthat areinitially definedas high as possiblein
theclasshierarchy Theat *() callsarevirtual, sothatthis redefinitiongivesriseto
polymorphism.However, in C++ it is impossibleto selectively overrideonly a subset
of agroupof overloadedunctions:if evenasinglememberof thegroupis overridden,
therestareeffectively hidden.Thisfunctionhiding canonly beovercomeby redefining
the entire groupof overloadedunctions,andfor thosethat are unchangedproviding
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explicit redirectionup the classhierarchy This solutionis inefficient— it may take
multiple (redirected)virtual function calls to reachthe actualmethod— andit also
resultsin needlesslylutteredclassdeclarationanddefinitions.

FEL largely sidestepsheseassuesy renamingeachof theat _*() callsaccording
to thetype of locationbeingqueried.This permitsthedifferentvarietiesof at *() to
beindependentlyverridden atthe costof aslightly morecumbersoméunctionname.
Renamindgunctionsaccordingto their agumenttypesis known as“namemangling”,
andis thestratgyy employedby C++compilerso distinguishbetweeroverloadedunc-
tions. FEL is “partially mangling”theat _*() interface,but hasnt abandonedaver
loading altogether:the at _phys _pos() calls are overloadedwith respectto other
argumentypes.

The partialmanglingandoverloadingin theat _*() interfaceresultsin 8 distinct
calls:

int at_vertex_cell(const FEL_vertex_cell&, ™),

int at_cell(const FEL_cell&,  T[);

int at_cell_interpolant(const FEL_cell_interpolant&, T0);
int at structured_pos(const FEL_structured_pos&, T);

int at phys pos(const FEL phys pos&, T%);
int at phys pos(const FEL phys pos&, FEL_cell_interpolant*,
int at phys pos(const FEL phys pos&, FEL_cell interpolant&,

FEL_cell_interpolant*, T*);
int at phys pos(const FEL_ phys_pos&,
const FEL_cell_interpolant&, T);

The first three of thesecalls retrieve field valuesdirectly from nodes(or sets
of nodes),and do not involve any spatialinterpolation. at _vertex _cell() re-
turns field valuesfrom an individual vertex in the mesh,and at _cell() returns
an array of field valuesfrom the group of meshverticesmaking up a cell. The
cell canbe ary type supportedby FEL (seeTable 5.1), and since one cell type is
FEL_.CELL_VERTEX, at _vertex _cell() is really just a specializedversion of
themoregeneralat _cell() . Becauseno spatialinterpolationis necessaryo fetch
field valuesat cell vertices,at _cell _interpolant() simply disregardsthe inter-
polantpart of the cellLinterpolant,andin all otherrespectds essentiallythe sameas
at cell() .Itisprovidedasacornvenienceo theuser

The calls at _structured  _pos() and at _phys pos() can retrieve field
values at arbitrary locations, as specified in computational (structured meshes
only!) or physical coordinatesrespectiely. The requestedocation may not co-
incide with a meshvertex, so sometype of spatial interpolationis necessary In
at _structured _pos() the interpolationis always performedin computational
spacepsingthecomputationatoordinatesuppliedwith thequery Thisis tantamount
to isoparametridnterpolation,discussedn Chapter9. With at _phys _pos() , the
spatialinterpolationis donein eithercomputationakpaceor physicalspacedepend-
ing onthecurrentinterpolationmode(seeChapterl 1 for detailsaboutsettingtheinter-
polationmode). In eithercase,if repeatedandrelatively localizedat _phys _pos()
querieswill be made muchof the“set-up” work associatedvith theinterpolationcan

T*);
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be profitablysavedandpotentiallyreused Previouspointlocationandinterpolationin-

formationcanbecachedn anFEL_cell _interpolant object,andtheoverloaded
versionsof at _phys _pos() supportthe reuseof thesehard-won data. For this rea-
son,thereis a hierarchyof at _phys _pos() calls,andthe mostappropriatecall for a
givenfield querydepend®n how muchprior knowledgeis on hand:

e at _phys _pos(const FEL_phys _pos&, T*) doesgglobalpointlocationto
find the meshcell enclosingthe queriedphysicalposition,builds aninterpolant
basedon that cell’'s geometry usesthe interpolantto producean interpolated
field valuewnhichit storesinto T*, thendeleteghe interpolant.This is the most
expensve and most extravagantat _phys _pos() call, andis generallyused
only whenanisolatedfield valueis required.

e at phys _pos(const FEL phys pos&, FEL cell _interpolant*,
T*) doesglobal point location to find the meshcell enclosingthe queried
physicalposition, builds an interpolantbasedon that cell’'s geometry usesthe
interpolantto producean interpolatedfield valuewhich it storesinto T*, then
storesthe interpolantinto FEL cell _interpolant* , whenceit is returned
to the client. This s just asexpensve asthe previouscall, but at leastnow we
have the possibilityof reusingthe informationstoredin the cell interpolant!

e at phys _pos(const FEL_phys pos&, FEL cell _interpolant&,
FEL_cell _interpolant*, T*) does"local” pointlocation,i.e. starting
in the cell of the suppliedFEL cell _interpolant& . This will corverge
much more quickly than a global search,if the queried physical point is
nearby;andthereis the addedbonusthat the interpolantpart of the supplied

FEL_cell _interpolant canbereusedjf the queriedphysicalpointfallsin
the suppliedcell. In ary case,the currentcell andinterpolantarereturnedvia
FEL_cell _interpolant for thenext go around.This is a safeandefficient

methodif successie at _phys _pos() callsarehighly spatiallycorrelatedas
whenintegratinga streamline, for instance.Be warned,however, thatthelocal
searchcanbe muchslowerthana global searchjf the desiredphysicalpointis
far from the suppliedcell.

e at _phys _pos(const FEL_phys _pos&, const
FEL_cell _interpolant&, T*) doesnt do point location at all, but
simply assumedhe provided FEL cell _interpolant is appropriateand
goesaheadwith theinterpolation.Thisis certainlythefastesat _phys _pos()
call, but risky if you're not surethe FEL_cell _interpolant matchesthe
FEL_phys _pos. If it doesnt, theat call mayfail, but evenworse,it maywell
succeedandsilently producegarbagehatmay or maynot be easilyrecognized
as such. Be sureyou know what you're doing if you use this streamlined
at _phys _pos variant.

All theat *() callsapplytotime-varyingfields,in whichcasegemporalinterpola-
tion maybenecessarymaybecauséemporalinterpolationis bypassedf therequested
time falls squarelyon a timestep).The positionalclassesn thevariousat _*() calls
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all have anentryfor time, which is simply ignoredin time-invariantfields. SeeChap-
ter 25 for amoredetaileddiscussiorof time-varyingfields.

Theat *() callsstorethefield valuesthey retrieve into locationsspecifiedby a
usersuppliedpointer(T* ). Thereturnvalueof thefunctionitself signifiesthe outcome
of theretrieval: FEL_OK for successandothervaluesresultingfrom variousmishaps.
If theat() call fails, the returnedfield valueslot (T*) will probablybe unchanged,
andthereturnedFEL_cell _interpolant will probablybebogus.SincetheT* is
frequentlyreusedjt may still pointto a valid looking value,andbe unwittingly used.
ReusingabogusFEL cell _interpolant mayresultin grossinefficienciesfurther
failedat calls,or evenacoredump(typicalscenariofailureto createaninterpolante-
sultsin it beingsetto NULL, andthenoneblindly usest in anat _phys _pos(const
FEL_phys _pos&, const FEL_cell _interpolant&, T*) call... SIGSEGV
lies this way). For thesereasonsgoodcodingstyle, andgeneralpeaceof mind, one
shouldalwayscheckthereturnvaluesof theat *() calls.

17.3.3 lterating over fields

As acornvenienceFEL field supportghe sameiteratorinterfaceasFEL_mesh. In
fact,iteratormethoddnvokedon afield aremerelyforwardedto thefield’s mesh.This
shorthandsomavhat compromiseghe abstractiorof a field asa continuousdomain,
but allows amorerelaxedcodingstylein which onesimply makesall functioncalls off
afield, without having to remembemhich onesaremoremesh-relatedror instance:

int foo(FEL_float_field_ptr field)

{
float  f[FEL_CELL_MAX_NODES];
field->set(FEL_SIMPLICIAL_DECOMPOSI TION,0); // forwarded
FEL_cell_iter ci;

for (field->begin(&ci); Ici.done; ++ci) /I forwarded

{
field->at_cell(*ci,f); /I field method
if  (any(f)<0.0)
field->coordinates_at_cell(*ci,c); /I forwarded
field->at_phys_pos(average(c),&f) /I field method

cout << (*ci)
<< "has negative vertex:
<< "scalar at centroid =
<< f
<< endl;

SeeChapterl6 for a more completediscussionon the capabilitiesand usesof
iterators.
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17.3.4 Eagerfields

FEL defaultsto “lazy evaluation” of field values.This meanghatall field valuesFEL

returnsviatheat *() calls,andary intermediatevaluesrequiredfor their evaluation,
aregenerateanly whenneededo satisyagivenat _*() call. Thesoleexceptionsto

thisrule aretheFEL core _field nodalvalueswhichresidein abufferin memory

or perhapondiskin thecaseof aFEL _paged field . Thecreationof aderivedfield

merely setsup an appropriatefiltering mechanismwhich is not pressednto action
until derived valuesare requested.Particularly in the caseof highly derived fields,

lazy evaluationsavesa lot of storagespaceand setuptime, at the expenseof slowver

turnaroundvhenary valuesareactuallyneededandpotentialredundantalculations
if the sameocationsarequeriedover andover again.

Sometimedt might make bettersenseo evaluatederivedfields at all their mesh
verticesand storetheseresultsin memory Thenwhennodevaluesareneeded FEL
merelyhasto fetchthem,for immediatereturn,or for derivative or interpolationpur-
poses.This “eagerevaluation” stratayy essentiallycorvertsa derivedfield into a core
field. It requiresmore storagespace,but particularly in the caseof highly derived
fields, canprovide fasterimmediateaccessand canalsoprovide longerterm savings
by eliminatingredundantalculationdf the sameocationsarerepeatedhygueried.An
eageffield is afield level cache.

One createsan eager field by invoking get _eager field() , which is
a method on FEL_typed _field , so it can be called on ary typed field.
get _eager ield() returnsaFEL_pointer  tothesameypeof field thatcallsit.
Thus,assumindazy _vector _field isalreadydefined:

FEL_vector3f_field_ptr eager_vector_field =
lazy vector_field->get _eager_field( );

In the caseof time-varying fields, get _eager _field() requiresan argument
specifyingthe computationatime of the newly producedfield; seeChapter25 for
details.If get _eager _field() fails— mostlikely becausét can't allocateenough
memoryor, in the time-varying case,if the time is invalid — it returnsNULL. Be
sureto checkthe returnvalue of get _eager _field() beforeyou do something
embarassingk e trying to dereferenca NULL pointer

Eagerlyevaluatedfields are probablya logical choiceif you arefacedwith some
combinationof thefollowing:

1. you needthe quickestpossibleaccesdo afield

2. you arerepeatedhaccessingpts of locationsin thefield
3. you have avery highly andexpensvely derivedfield

4. you have enoughmemory

An applicationsupportinginteractve sweepingof a gridplanethrougha velocity x
vorticity magnituddfield is a goodexamplemeetingthefirst threecriteriaabove.
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17.3.5 Field type “inf ormant” functions

TheFEL field classhierarchystrivesfor polymorphicbehavior, but sometimegoujust

cant pretendanymoreandyou simply mustknow what specifictype of field is really

beingrepresentedthy somegeneralized-EL field pointer For suchdesperatdimes,

FEL providestype-specificinformant” functionswhich returntrue or falsedepending
onwhethertheinvoking field meetsthe criterionencodedn thefunctionname.There
aresix suchfunctions:

bool is_core_field();

bool is_time_series_field();
bool is_float_ field();

bool is_vector3f_field();
bool is_plot3d_g_field();

bool varies_with_time();

Thesefunctionsaremethodon FEL field |, sothey canbecalledonary typeof field
whatsoger. Notethata givenfield canreturntrue for morethanoneof the queries;
only the returnvaluesfrom is _float _field() ,is _vector3f _field) , and
is _plot3d _q_field() aremutually exclusive.

An affirmative responseo anis _* _field() call indicatesthatthe queriedfield
really is an objectof the queriedtype, so thata valid downcastto the queriedtype is
possible.In fact, type confirmationbeforedowncastings the primary intendeduseof
theis _* field() calls.

On the otherhand,varies _with _time() canreturntrue for ary of the field
typeswhich canbebuilt ontop of atime-varyingfield. Thevaries _with _time()
queryis generallyusedaspartof aswitchor optimizationin agenerahpplication since
themethodsandresource$or managingsteadyandunsteadydataaresodifferent.

Note that on a given field, varies _with _time() can return true and
is _time _series field() may returnfalse. This would happenfor example,if
thefield in questionwereaderivedfield built ontop (directly or indirectly) of atime se-
riesfield. Keepin mindthatanis _* _field() calltellsyouwhereafield is declared
in theFEL classhierarchywhereawvaries _with _time() tellsyouonly thatafield
hasatime-varyingmembersomavherein its individual lineage(the groupof fieldsthat
are“chained”togetheiby successie definitions).In biologicalterms,is _* _field()
callsarequeriesaboutphylogeny, andvaries _with _time() pertainso ontageny.

Usingtheinformantfunctions,onecanbetemptedo write codelik e this:

int foo(FEL_field_ptr field)
{
if (field->is_float_field())
do_scalar_stuff(FEL_FIELD _TO_FLOAT_FIE LD_CAST(fi eld));
else if (field->is_vector3f_field())
do_vector_stuff(FEL_FIELD_TO_VECTOR3F_ FIELD _CAST(field
else
return  0;

)
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return 1;

Suit yourself,but be awarethat this explicit style may becomehardto maintainif
usedwith abandonlf you have lots of type-dependertode it maybebetterto localize
thebranchpoints,sayby pushingthemall insidea“Factory”classwhich manufctures
polymorphicobjectsthatcanbe passedo type-independerfunctions.

17.3.6 Oddsand ends
Min/max values

Sometimedt is usefulto know the minimumandmaximumvaluesof ascalarfield, for

exampleif oneis fine-tuningatransferfunction. To thisend,FEL providesthe method
get _min _max() , which returnsthe minimumandmaximumnodalvaluesof ascalar
field:

int res;

float  min,max;

res = some_float_field->get_min_max(&min,& max);
if (res == FEL_OK) ...

For time-varying fields the methodrequiresan additionalargumentspecifyingthe
computationatime, andasusual thefunctionreturnvaluesignalsthefinal outcomeof
thecall. Althoughthe methodis declaredon FEL typed _field , it producesnean-
ingful resultsonly on float fields, i.e. fieldson whichis _float _field() returns
true . For all otherfield types,get _min _max() printsa messag®n standarcerror,
leavesthe pointerargumentuntouchedandreturnssomethingotherthan FEL_OK.

In additionto takingcareof thedirty work of iteratingoverthefield in searchof ex-
trema,get _min _max() cacheghe minimumandmaximumfield valuesonceit finds
them. On ary given field, the secondand subsequeninvocationsof get _min _max
merely conjureup the cachedvalues. This is very fast,andmakesit unnecessarfor
theclientto storethe minimumandmaximumfield valuesexplicitly.

Userdata

All FEL fieldshave two slotsfor userdefineddata:

int user_type;
void* client_data;

Thesearepartof thetop level FEL field interface,sothey areavailablein ary
field.

Theuser _type entryisasingleusermanagedntegerthatis meantto beusedas
asimpletype-tagif, say theuserwantsto cateorizefieldsdifferentlythanFEL does.
Onescenariohasthe userassigningto the tag at field creationtime, usinga custom
enumeration.Functionscanthen be written to branchin their treatmentof the fields
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afterexaminingthetag (but seewarningsabove in Section17.3.5. Thetag couldalso
beusedto trackindividual instancef fields, ratherthantypes

Theclient _data is ageneralpurposepointerthatcanbe usedto associatar
bitrary datawith a field. One simple possibility for usingclient _data is justa
generalizatiorof the user _type scenarios.The usercould attacha struct to a
field, which containedtype andinstancerecords,and perhapssomeotheruseful de-
scriptive information. Anotherideais to usetheclient _data hookto turn tradi-
tional data-drven frameworksinside-out: Insteadof constructinga framework which
managesfields by explicitly associatinghemwith particularmeta-datayisualization
techniquesandso on, onecould stuff all the bookkeepinginsidethe field itself, to-
getherwith appropriatdbehaviors for interactingwith certainenvironments— sothat,
in the extreme, fields could largely manaye themselves Developersshouldkeepin
mind, however, that while the client _data mechanismallows fields to be arbi-
trarily enhancedand extended,suchmaodificationsarelikely to be relatively domain
specific,and shouldnot be confusedwith enhancementand extensionsto the Field
Encapsulatioivibrary itself.
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Chapter 18

Core Fields

The previous chapterdiscussedhe genericinterface declaredfor all fields on the
FEL field andFEL_typed field baseclassesThischaptempresentamorespe-
cific treatmenbf a particularlyimportantsubclas®f typedfield calleda corefield.

18.1 What are corefields?

Corefields (FEL_core _field<T> ) arefieldswhosenodevaluesresidein memory
This is in contrastto the varioussortsof derived fields, for which nodevaluesare
generatednly on demand. Core fields live at the roots of “derivation chains” (see
Chapter19) andprovide raw valueswhich derivedfields modify.

Core fields are producedby reading a solution file from disk, by executing
FEL_typed _field::get _eager field() , or by explicitly associatingga mesh
with anodebuffer in a corefield constructor

Reading solution files from disk is the subject of Chapter 22, and
get _eager field() is discussedn Chapterl7. Here we will describehow to
constructa corefield “manually” in memory This operationis essentialfor example,
if onewantsto load datadirectly from a field simulationinto FEL, or if onewantsto
write afile readerfor FEL.

18.2 The nodebuffer

As with ary othertypeof field, constructiorof a corefield requiresa preexisting mesh.
Mesheanaybecreatedy readingin afile from disk (seeChapter22), or by declaring
aFEL regular _mesh. Detailsfor creatinga mesh*‘manually” in memoryaregiven
in Chapterl2 (for structuredmeshespndChapterl3 (for unstructureaneshes).
Assuminga meshis alreadyon hand,the centraltask of creatinga corefield is
allocatinga buffer andfilling it with the nodevalues.In mostcasesthe buffer should
be allocatedon the free storeusing eitherthe new operatoror operator  new (or
operator  new[] ,if yourcompilersupportst). Thisis becausén mostcasespnce
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thecorefield is createdmemorymanagementf thenodebuffer is turnedoverto FEL,
andwhenthereferencecountto acorefield reachegero,FEL will try to deallocatéts
nodebuffer usingdelete[] . Attemptingto delete][] memorywhich hasnt been
obtainedvia new is disastrous.

If you want to retain responsibilityfor memory managemenof core field node
buffers,you cando so by requestinghatthe corefield “suppressieallocation”.If this
optionis chosenthe nodebuffer is left untouchedvhenthe corefield is destructed.
In this case,therefore,the memoryneednot be allocatedwith new — the memory
may be obtainedby someotherdynamicallocator or it may be static. In ary event,
the useris responsibldor maintaininga handleto the nodebuffer, andfor freeingthe
memoryif sodesired.Of coursethe usershouldnot deallocatehe nodebuffer while
thecorefield is still in use! Directionsfor choosinghe “suppressieallocation’option
aregivenbelow.

Corefieldsaretemplatizedandcanbeconstructedvith any nodetype T supporting
a few basicarithmeticoperationgseeChapter21). Sincethe nodebuffer musthold
atypeT for every vertex of its associatednesh the buffer mustbe at leastof size (in
bytes):

mesh->card(0) * sizeof(T)

The elementsof the node buffer must be arrangedin the sameorder as the corre-
spondingverticesof theassociatednesh.For structuredneshe®f dimension(idim,
jdim,  kdim ), this meanghatthe sequentiamemorylayouthasidim varyingmost
rapidly, andkdim mostslowly. C/C++ programmersshouldbe wary here, as this
column-majorcorventionmay seemout of place(but in generalis more corvenient
for datacoming from predominantlyFORTRAN solvers). For unstructuredneshes,
the sequentialayoutis arbitraryandcompletelydetermineddy the vertex orderingin
the mesh.In boththe structuredandunstructuredcasesFEL vertex cell iteratorsfol-
low the lineararrangementf meshverticesin memory soif you arecreatinga node
buffer whosevaluesdependon vertex coordinatesanFEL vertex _cell _iter can
beemployedto guaranteevertex-nodecorrespondence.

For corefields with multi-elementnodetypes, basedon either structuredor un-
structuredneshesthe multiple elementsassociatedvith a givennodeshouldbelayed
outasacontiguouggroupin memory Notethatthis naturallayoutdiffersfrom certain
file formats,including the PLOT3D solutionfile format, in which vectorcomponents
aregroupediogether

18.3 Constructors and suppressedieallocation

Therearethreecorefield constructors With a preexisting meshandan allocatedand
filled nodebuffer, onecreatesa corefield with oneof thefollowing two constructors:
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FEL core_field(FEL_mesh_ptr, T*, char* = "core_field");
FEL core_field(FEL_mesh_ptr, T*, bool, charr = "core_field");

The FEL_mesh_ptr argumenttakesa pointerto the intendedmeshof the corefield.
T* shouldpoint to the headof a nodebuffer of type T which you have allocatedand
filled with type T's, accordingto the schemeoutlinedabove. The bool armgumentin
the secondconstructoiis usedto indicatewhetheror not you wantto suppressleallo-
cationof the nodebuffer whenthe corefield’s referencecountreachezero:true  for
suppressedeallocation(you areresponsibldor deallocation)false for automatic
deallocation(FEL assumesanagementf the nodebuffer). If you usethefirst con-
structor “suppressedleallocation"defaultsto false . Thelastcorefield constructor
arguments anoptionalname whichdefaultsto “core_field” if youdon't supplyamore
imaginative nameof your own.
Thethird corefield constructor—

FEL_core_field(FEL_mesh_ptr, FEL_pointer< FEL_core_field<T> >
char* = "shared_core_field");

— takes a pointerto a preeisting core field ratherthan a pointerto a node buffer,
and createsa new corefield by binding the nodebuffer of the preexisting core field
to theincomingmeshrepresentethy FEL_mesh_ptr . This resultsin two corefields
which sharea singlenodebuffer but associatéhe datawith differentmeshesFor this
to make sensethe differentmeshesnusthave the samenumberof vertices(mesh1-
>card(0) == mesh2->card(0) )— if thisis notthe casebadthingswill hap-
pen. In a “sharedcorefield” the node buffer is a sharedresource,so the suppress
deallocatioroptiondefaultsto true .

As we have just seen,the suppresgieallocationoption on a core field is setat
constructiortime, eitherimplicitly or explicitly, but it canalsobe changedatary time
byaset call, if youchangeyour mind aboutnodebuffer memorymanagement:

/I FEL deletes buffers:
my_core_field->set(FEL_SUPPRESS_ DEAL LOCATION, 0);
/[ you're on your own:
my_core_field->set(FEL_SUPPRESS DEAL LOCATION, 1);

It's probablynot a goodideato setsuppressleallocatiorto false(0) on a sharedcore
field.

18.4 An example

Here is a rather contrived example which constructsa core field “manually”. See
Chapterl2 for a descriptionof FEL regular _mesh, and Chapterl6 for detailson
FEL_vertex _cell _iter
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#include  "FEL.h"

int  main()

{

int  idim=3,jdim=4,kdim=5;

FEL_mesh_ptr mesh =
new FEL_regular_mesh(idim,jdim,kdim,1,1,1 );

FEL_vector3f* node_buffer =
new FEL_vector3f[mesh->card(0)];

assert (node_buffer);

int  n=0;
FEL_ vertex_cell_iter iter;

Il Aill node buffer:

for (mesh->begin(&iter);liter.done();+ +iter )
{
int i = (*iter)[O];
int j = (*iter)[1];

int k = (*iter)[2];
node_buffer[n++].set(atan2(j,i),

atan2(k,sqrt(i*i+j*j)),
sqrt(i*i+j*j+k*k));
}
I/l create core field
/I (suppress deallocation default is false)
FEL_vector3f_field_ptr my_core_field =

new FEL_core_field<FEL_vector3f>
(mesh, node_buffer);

FEL vector3f v;

for (mesh->begin(&iter);liter.done();+ +iter )
{
my_core_field->at_vertex_cell(*ite r&v) ;
cout << *jiter << " @ " << v << endl
}
my_core_field = NULL; /I node_buffer delete[]'d
return  0;
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18.5 geteagerfield()

Corefieldsarealsogeneratedby theget _eager _field() call. This method avail-
ableon ary field, evaluateghefield at every vertex andwritestheresultsinto a newly
allocatednodebuffer, which is boundto the meshof the calling field. This functionis
typically usedto corvert alazily evaluatedderivedfield into a corefield, for quicker
accesdime, but could concevably be usedto duplicatean existing corefield, in the
unlikely eventthiswasuseful. More verbiageonget _eager _field canbefoundin
Chapterl?7.
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Chapter 19

Derived Fields

19.1 What is aderivedfield?

A “derivedfield” is afield whosevaluesarecomputedderived)from oneor moreother
fields. The derivationreferredto hereinvolvessomekind of mathematicamapping,
andshouldnotbeconfusedvith the C++ senseof derivation(althoughthe FEL derived
field classeglo inherit from otherclasses).

A derivedfield is essentiallya filter, built on top of somenumberof component
fields Thederivedfield andall its componenfields necessarilysharethe samemesh.
Whenthe derivedfield is queriedfor a valueat somelocation, it forwardsthe request
to its componenfields, gatherghe valuesreturnedby the componenfields,andthen
transformshesefield valuesaccordingto somefunction beforepassinghembackto
thecaller.

The function that the derivedfield usesto produceits valuesfrom its component
field valuesis calleda mappingfunction As its namesuggeststhe mappingfunction
mapscomponenffield valuesinto derived field values. The mappingfunctionsare
eitherpredefinedby the library (more on thesebelow) or userdefined. Userdefined
mappingfunctionsallow arbitrarytransformation®f field datato be encapsulateth
theretrieval processsothatfield querieson derivedfields canreturndatadirectly in a
form suitablefor a particulartask.

The componenffields of a derived field canbe of ary type, including other de-
rivedfields. This last possibility allows “derivation chains” of arbitrarydepth,andat
ary level the threetypesof componenfields canbe freely mixed. Naturally, several
differentderivedfields cansharecomponenfields. Thusan applicationcanbuild an
arbitarily complex setof derivedfields,but their relationshipcanalwaysbedescribed
by adirectedagyclic graphof oneor morecomponentsSincequerieson derivedfields
arealwaysforwardedto componenfields, arny givenderivation“lineage” musteven-
tually terminatein a field type capableof producinga valueautonomously The field
typesthatfit this bill are corefields (which pull a valuefrom memory),pagedfields
(which pull a valuefrom memoryor disk), “meshasfields” (which usemeshcoordi-
natesasfield values),and constanfields (which simply returnthe samevaluefor all

99
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queries).

19.2 Lazy vs. eagerevaluation

By default, evaluationof derivedfield quantitiess completelydemandriven. Thatis,
no field valuesare generatedvhena derivedfield is created:derivedfield quantities
arecomputecbnly in responseo aclientquery This strateyy is variouslydescribedas
lazyevaluation or deferedevaluation or a pull model

Becauseof the lazy evaluationparadigm,creationof derived fields requiresvery
little time andstorage Internalcreationof aderivedfield consistanainly of registering
the componenfields and mappingfunction, which arerepresentetby pointersin the
derivedfield. On our workstations(SGI R10Ks), creationof a derivedfield requires
about30 microsecondsand about200 bytesof memory Thusit is quite reasonable
for an applicationto presentmary derived fields (hundreds,or more!) to a useras
selectableoptions,creatingthemeitherat startuptime or on demandgvenif mostof
thefieldsareneverused.

Thedownsideof thelazy evaluationschemaes lengthierderivedfield valueretrieval
times,comparedo corefields, sincethe derived field mustmanugctureits valueson
demand.For simplederivedfields (singlecorecomponenfield, mappingfunctionre-
quiring only local values)retrieval timesareabout25%longerthancorefield retrieval.
As thederivationchaincomprisesnorecomponenfieldsandmoreinvolvedmapping
functions,thederivedfield retrieval timesincreaseaccordingly

If retrieval time is at a premiumand amplestoragespaceis available,it may be
desirableto precalculateand storederivedfield valuesacrosshe entiredomain,or at
leastretainandreusethosederivedfield valueswhich aregeneratedo satisfyclientre-
questsThefirst of theseaimscanbeaccomplishedby way of get _eager _field() ,
amethodon FEL typed _field which iteratesover all verticesof its invoking field
and writes their valuesinto newly allocatedstorage. This cornverts a derived field
into a core field®, and may be the logical choiceif onewantsto minimize retrieval
time on a highly derivedfield. The secondoptionabove canberealizedby creatinga
FEL_cached field ontop of aderivedfield, which retainsderivedfield valuesin
a cache,andattemptsto satisfy client requestdrom the cachebeforederiving anew.
Cachedields may be usefulif a derivedfield is goingto be accessedepeatedly Ex-
amplesof creatingeagerandcachedieldsaregivenbelow.

19.3 Mapping and inter polating

There are two distinct types of derived fields in FEL: FEL_map.then _inter-
polate _derived _field* and FEL_interpolate then _map_der-
ived field* . As the namessuggest,the difference betweenthesetwo types
dependson whetherthe mappingfunction is applied before or after ary necessary
interpolation. More specifically: To satisfy a generalphysical or computational
spacequery(i.e., at _phys _pos() orat _structured _pos() ), afield mustfirst

1... or canalsobeusedto generatea copy of acorefield, in theunlikely eventthiswasdesired.
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perform point locationto determinewhich gridcell containsthe query point. Then
field valuesareobtainedfor eachvertex of this enclosingcell andusedto interpolatea
field valueattheenclosedoint.

e In an FEL_map_then _interpolate _derived field* , the derivedfield
gueriesits componenffield(s) at eachvertex of the enclosingcell, appliesthe
mappingfunctionat eachvertex to corvertcomponenfield quantitieso derived
field quantitiestheninterpolateghe derivedfield quantityatthe querylocation.

e In an FEL interpolate then _map.derived _field* , the derived field
gueriesits componenfield(s) at eachvertex of the enclosingcell, interpolates
the componenfield quantitiesat the querylocation, then appliesthe mapping
functionto convertthe componenfield quantitiesto the derivedfield quantity

The relative order of mapping and interpolation can make a big difference
in the final derived field value, particularly if the mappingfunction is nonlinear
Which ordering is most “appropriate” dependson the problem at hand. In ad-
dition to numericalimplications, there are efficiency considerations:mappingbe-
fore interpolationinvokes the mappingfunction on every vertex (potentially expen-
sive for a complex mappingfunction) but interpolatesonly a single variable; in-
terpolatingbeforemappinginvokesinterpolationon all componenfield values(po-
tentially expensve if thereare several componenffields, with comple< nodetypes)
but appliesthe mappingfunction only once. The built-in derived fields are all of
type FEL_map.then _interpolate _derived _field* . This option produces
the sameresultsone getswith precalculatedeagerly evaluated)componentfields.
Note that for vertex-basedqueries(i.e., at _cell() ), which entail no interpola-
tion, the distinction betweenFEL_map.then _interpolate _derived _field*
andFEL interpolate then _mapderived field* isimmaterial.

19.4 Built-in derivedfields

FEL providesseveral“prepackagedterivedfields. The differentialoperatoffieldsare
specializedlerivedfieldswhich arediscussedeparatelyn Chapter20. Therestof the
FEL built-in derivedfields are eachbriefly describedn the following list. The sam-
ple declarationsndicatethe type of the derivedfield producedandalsothetype(s)of
the componenfields which mustbe provided asarguments. The genericcomponent
fieldsfloat _field andvector3f _field represenfieldsalreadycreatedin an
application,from which you wantto derive somenew fields. The newly createdde-
rivedfieldsarecalledderived _float _field andderived _vector3f _field

All derivedfields aretemplatized but for clarity the typedefd namesare usedhere.
Thereforefurthervariationson thesebuilt-in derivedfields canbe generatedby using
thetemplatizeddeclarationglirectly.

e FEL float _field _ptr derived float _field =
new FEL _magnitude _of vector3f _field(vector3f field);
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derived _float _field now pointsatanewly createdscalarfield whoseval-
uesarethelengths(Euclideannorms)of the vectorsat the correspondingpoints
in vector3f _field

FEL float _field _ptr derived _float _field =
new FEL_absolute _value _of float _field(float ield);

derived _float _field now pointsatanewly createdscalarfield whoseval-
uesarethe absolutevaluesof the scalarvaluesat the correspondingpointsin
float _field

FEL float _field _ptr derived _float _field =
new FEL _negate _of float _field(float field);

derived _float _field now pointsatanewly createdscalarfield whoseval-
uesarethe additive inversesof the scalarvaluesat the correspondingpointsin
float _field

FEL vector3f _field _ptr derived _vector3f field =
new FEL _negate _of _vector3f _field(vector3f field);

derived _vector3f _field now pointsatanewly createdrectorfield whose
valuesarethe additive inversesof the vectorvaluesat the correspondingpoints
in vector _field —thatis,thecorrespondingectorsin vector _field and
derived _vector _field haveequalmagnitudesut oppositedirections.

FEL float _field _ptr derived _float _field =
new FEL sum.of _float _field(float field1, float _field2);

derived _float _field now pointsat a newly createdscalarfield whose
values equal the sum float _fieldl and float _field2 at corre-
spondingpoints — that is, derived _float _field = float _fieldl — +
float _field2

FEL vector3f _field _ptr derived _vector3f field =
new FEL sum._of _vector3f _field(vector3f field1, vec-
tor3f _field2);

derived _vector3f _field now points at a nenly createdvector field
whose values equal the vector sum of vector3f _fieldl and vec-
tor3f _field2 atcorrespondingoints—thatis derived _vector _field

= vector3f _fieldl  + vector3f _field2

FEL float _field _ptr derived _float _field =
new FEL difference  _of float _field(float field1,
float _field2);

derived _float _field now pointsatanewly createdscalarfield whoseval-
uesequalthedifferencedetweerfloat _fieldl andfloat _field2 atcor
respondingpoints—thatis, derived _float _field = float _fieldl -
float _field2
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FEL_vector3f _field _ptr derived _vector3f _field =
new FEL_difference  _of _vector3f _field(vector3f field1,
vector3f _field2);

derived _vector3f _field now pointsatanewly createdrectorfield whose
valuesequalthe differencevectorsbetweenvector3f _fieldl andvec-
tor3f _field2 atcorrespondingoints—thatis, derived _vector _field

= vector3f _fieldl - vector3f _field2

FEL float _field _ptr derived _float _field =
new FEL product _of float _field(float field1,
float _field2);

derived _float _field now pointsat a newly createdscalarfield whose
valuesare the productsof float _fieldl andfloat _field2 at corre-

spondingpoints — that is, derived _float _field = float _fieldl  *
float _field2

FEL float _field _ptr derived _float _field =

new FEL_quotient _of _float _field(float field1,

float _field2);

derived _float _field now pointsat a nenly createdscalarfield whose
valuesare the quotientsof float _fieldl andfloat _field2 at corre-
spondingpoints — that is, derived _float _field = float _fieldl /
float _field2

FEL float _field _ptr derived _float _field =
new FEL dot _of _vector3f _field(vector3f field1, vec-
tor3f _field2);

derived _float _field now pointsat a newly createdscalarfield whose
values are the scalar or dot productsof vector3f _fieldl  and vec-
tor3f _field2

FEL vector3f _field _ptr derived _vector field =
new FEL_cross _of _vector3f _field(vector3f field1, vec-
tor3f _field2);

derived _vector field now pointsata newly createdvectorfield whose
values are the vector or crossproductsof vector3f _fieldl  and vec-
tor3f _field2

FEL float _field _ptr derived _float _field =
new FEL_component _of _vector3f _field(vector3f field, i);

derived _float _field now pointsatanewly createdscalarfield whoseval-
uesarethe i** componenbf the vectorsat the correspondingpointsin vec-
tor3f _field . ComponenhumberingstartsatO.

FEL float _field _ptr derived _float _field =
new FEL_component _of plot3d _q_field(plot3d _q-field, i);
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derived _float _field now pointsatanewly createdscalarfield whoseval-
uesarethei** componenbf the PLOT3D solutionvectorsat the corresponding
pointsin plot3d _g_field . ComponentumberingstartsatO.

19.4.1 Customizingthe built-in derivedfields

As mentionedabore, derivedfields aretemplatized andthe built-in fields areno ex-
ception: the examplesjust shovn usetypedefd versionsto hide the templatesyntax.
You canachiere somelevel of customizatiorof the built-in derivedfieldsby usingthe
templatesyntaxdirectly.

Thetemplateddeclaration®f the built-in derivedfieldslook lik e this:

template <class TO, class FROM>
class FEL_magnitude_field;

template <class TO, class FROM>
class FEL_absolute value field;

template <class TO, class FROM>
class FEL_negate field ;

template <class TO, class FROM]I, class FROM2>
class FEL_difference_field;

template <class TO, class FROM1, class FROM2>
class FEL_sum_field;

template <class TO, class FROM]I, class FROM2>
class FEL_product_field;

template <class TO, class FROM]I, class FROM2>
class FEL_quotient field;

template <class TO, class FROM1, class FROM2>
class FEL _dot field;

template <class TO, class FROM]I, class FROM2>
class FEL_cross_field;

template <class TO, class FROM>

class FEL_component_field;

In thesedeclarationsthe TO and FROMclassesare the templateparametersor
“type placeholders”. The FROMparametersepresenthe type(s)of the component
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field(s), andthe TO parameterepresentshe type thatis derived from them. These
parametersustbereplacedvith the actualinput andoutputtypesof thederivedfield
youwishto construct- usingthe appropriatesyntax,of course.

For example, say you want to multiply a vector field by a scalarfield, that s,
you want a derived vector field which scalesthe vectorsof one of its component
fields by the scalarvaluesof its other componenfiield. Here’s a declarationusing
FEL product field

FEL_vector3f_field_ptr scaled_vector_field =
new FEL_product_field<FEL_vector3f, FEL_vector3f, float>
(unscaled_vector_field, float_field);

The argumentsin the <>’s arethe templateparameters.The first suchargument
is the TOtype: this derivedfield will producevectors.The secondandthird template
parameterarethe FROMypes- in otherwords,thetypesof thecomponentieldsfrom
whichthederivedfield will produceits values.

The agumentsin the () 's are fodder for the derived field’s constructor These
argumentsare pointersto fields of type FROMland FROM2- in this case, an
FEL_vector3f _field _ptr ,andanFEL_float _field _ptr ,respectiely. These
fields mustboth sharethe samemesh,andmustbe properlyinitialized at the time the
derivedfield is constructed All the constructordor the built-in derivedfields require
pointersto fields of the FROMypes(and,optionally, a namefor thefield).

In this example derived field (scaled _vector _field ), the vectorsof un-
scaled _vector _field arescaledbythefloatingpointvaluesoffloat _field at
correspondindocations. Onecouldinvoke a single (locationinvariant)scalingfactor
by makingfloat _field anFEL _constant _field (seeChapterl?).

19.5 PLOT3D derivedfields

In additionto the genericbuilt-in derivedfieldsdescribedn thelastsection,FEL sup-
plies over fifty specificderivedfields definedby PLOT3D. Thesepredefinedderived
fields canbe createdby callsto specializecdtorveniencedunctions,or by enum’'ed re-
questgto a PLOT3D “field manager”.For moreinformationon both of theseoptions,
seeChapter24.

19.6 Constructing a customderived field

If thebuilt-in derivedfieldsdon't offer thefunctionalityyou need,you candefineyour

own from scratch.And evenif you canachieve the samefunctionalityby othermeans,
encapsulatingertaindatatransformationsn a derived field canbe an effective pro-

grammingstratgy. The mostimportantandinvolvedstepin defininga derivedfield is

creatingthe mappingfunction.
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19.6.1 Writing a mapping function

Themappingfunctiondefineshow derivedfield dataareactuallyderivedfrom thecom-
ponentfield(s). The mappingfunction mustbe declaredand definedby the user and
passedo aderivedfield constructomsa pointer Eachof the derivedfield constructors
expectsa pointerto a functionwith oneof threeprototypesdependingon whetherthe
derivedfield operate®n one,two, or threecomponenfields:

int  map_func(const FEL_solution_globals&,
const FROM1*,
void*,
TO*)

int  map_func(const FEL_solution_globals&,
const FROMZ1*, const FROM2*,
void*,
TO*)

int  map_func(const FEL_solution_globals&,
const FROM1*, const FROMZ2* const FROMS3*,
void*,
TO*)

Of course, you can name your own mapping function whatever you'd like;
“map_func” is usedheresolelyasanillustration.

TO, FROM1, FROM2,andFROM3retemplate‘type placeholders”which are
replacedby actualtypesin actualmappingfunction declarationsanddefinitions. The
only differenceamongthethreeprototypess thenumberof FROM, whichcorresponds
to the numberof componenfieldsin the derivedfield. In all casesthe TO parameter
representthenodetype of thederivedfield itself. Thus,the FROMrepresentheinput
to the mappingfunction, the TO representshe output, and the guts of the mapping
functionjust specifyhow the FROM producethe TO.

Hereis anexampleof a mappingfunction, which calculateghe magnitudeof the
differencebetweentwo input vectors. This canbe usedto constructa derived scalar
field, whoseisosuraicesfor instance shav the spatialpatternof discrepang between
two vectorfields.

int  vector_difference_mag(const FEL_solution_globals&,
const FEL_vector3f* VO,
const FEL_vector3f* vl,
void*,
float* mag)

{

*mag = FEL_magnitude(*v0 - *vl);

return 1,
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This functionjust subtractsoneinput vector(vl) from the other(v0) andpasses
thevectorresultto FEL_magnitude , whosefloatingpointreturnvalueis storedinto
the location pointedto by mag. The FEL_solution  _globals& andvoid* are
unnamechereto precludecompilerwarningsaboutunusedvariables. The first three
argumentsmustbe declaredconst to inform the compilerthat they are not modi-
fied by the mappingfunction. You mustbe sureto includetheseconst declarations,
andyou mustbe sureto honorthem(i.e., don't try to modify theseargumentsin the
mappingfunction), or your codewill not compile. Also notethat the first algument
is a refelenceand mustbe so declared. Omitting eitherthe const qualifier or the
referencaleclarato(*&”) will usuallycauseacompilererrorin the derivedfield con-
structortaking this mappingfunction (with a messagdik e “no instanceof constructor
[for whatever derivedfield you aretrying to make] matcheghe argumentlist”).

Thetransformatiorof FROMto TOmayinvolve ary sortof mathematicagjymnas-
tics onewishes.Additional datawhich may (or may not) figure in the transformation
areavailablefrom the FEL solution  _globals and(if you provideit) thevoid*

Usingthe FEL solution  _globals

TheFEL solution  _globals containacollectionof valuesassociateavith thede-
rivedfield. Four of thesevalues—

float  free_stream_mach;

float  alpha; /I angle of attack
float  reynolds_number;
float  time; /[ usually not used

— are ultimately taken from the PLOT3D solutionfile headerof the first component
field (or oneof its ancestorsf it is aderivedfield itself). Sincethe multiple component
fields of a derivedfield mustsharea commonmesh,they will typically alsosharethe
sameheadedata;but be carefulif you aresomehav combiningdisparatedata. There
are a handful of otherfields in the FEL solution  _globals  structurewhich are
usedby variousbuilt-in mappingfunctions.

Here is anothersamplemappingfunction, which is set up to receve a veloc-
ity vectorinput andusesthe the free _stream _mach andalpha valuesfrom the
FEL solution _globals to calculatethe perturbationvelocity:

int  perturbation_velocity(const FEL_solution_globals& sg,
const FEL_vector3f* v,
void*,
FEL_vector3f* pv)

FEL_vector3f vinf;

vinf[0] = sg.free_stream_mach * cos((M_P1/180.) * sg.alpha);
vinf[1] = sg.free_stream_mach * sin((M_P1/180.) * sg.alpha);
vinf[2] = 0; /I no sideslip angle beta

*ov = *v - vinf;

return 1,
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Client data via void*

Thevoid* canbe usedto provide arbitrary client datato the mappingfunction. At
creationtime, you canregistera void*  with the derivedfield, andthis pointerwill
be passedo the mappingfunction every time it is invoked. This mechanisnprovides
the mappingfunctionwith directionsto find ary additionaldatait mayrequire— data
which canbe specificallyupdatedor a givenqueryon thederivedfield.

An exampleusingclientdatapassedo a mappingfunctionwill be givenbelow.

Handling exceptionalcases

Mappingfunctionsmayencounteproblematicdata.For example,a mappingfunction

may receve a “0” input value which figuresin the denominatoiof someexpression.
Singularcasedike thesecan be indicatedby the int  returnvalue of the mapping
function. Thederivedfield at _call sforwardthisreturnvalueto theclient. As usual,
the client shouldcheckthe returnvalueof theat _call , andbe preparedo respond
appropriately Ignoring the returnvalueis perilous: if theat _call fails, the field

value“return slot” will not be updated andthereforewill containstaleandpossibly
misleadingdata.

19.6.2 Derivedfield declarationsand constructors

Therearetwo typesof derived fields, which allow you to determinethe relative or-
deringof mappingandinterpolation(seeSection19.3). If you want mappingto pre-

cedeinterpolation,useFEL_map.then _interpolate _derived field* . If you
want interpolationto precedemapping,useFEL _interpolate then _map.der-
ived _field*

The*'sin theseclassnamesarewildcardsfor the numberof componenfields of
thederivedfield. The* shouldbereplacedby “1”, “2", or“3”, asappropriate.

The non-huilt-in derivedfields mustbe declaredusingtemplatesyntax. Thetem-
plateargumentsare enclosedn anglebraclets (<>s), immediatelyfollowing the de-
rivedclasstype specifier Thetemplateargumentsspecifythe type of the derivedfield
itself (the output type of the mappingfunction), and the type(s) of the component
field(s) (the input type(s) of the mappingfunction). The derived field type (TO) is
givenfirst, followedby the componenfield type(s)(FROM

A derivedfield whichimplementsa “dot product”’operationtakestwo vectorfields
(FROMIandFROM2 andusesthemto calculatea floating point value(TQO). Thetem-
platepartof the declarationwould look lik e:

FEL_map_then_interpolate_derived_fi eld2< float , FEL_vector3f,
FEL_vector3f>

or

FEL interpolate_then_map_derived_fi eld2< float , FEL_vector3f,
FEL_vector3f>
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Following the angle-bracktedtemplateargumentss a parenthesizedist of argu-
mentsfor the derived field's constructor In order, thesearea list of pointersto the
componenfields, a pointerto the mappingfunction, a pointerto client data,andan
optionalname.Thecomponenfield pointersshouldbelistedin thesameorderasthey
appeain themappingfunction—this orderingestablishethe correspondencdeetween
componenfield valuessentto andreceved by the mappingfunction. In both C and
C++using“&” to gettheaddres®f afunctionis optional,sothenameof the mapping
functionwill sene asa pointer; however, by all meansuse“&” if it makesyou feel
better

Assuming that we already have on hand component vector fields in-
put vector _fieldl  and input _vector _field2 , and a mapping function
make_dot _product that convertstwo vectorsinto a float, completederived field
declarationgollow:

FEL float field ptr dot_product_field =
new FEL_map_then_interpolate_derived_fie Id2
<float, FEL_vector3f, FEL_ vector3f>
(input_vector_fieldl, input_vector_field2,

make_dot_product, NULL);

FEL float field ptr dot_product_field =
new FEL_interpolate_then_map_derived_fie Id2
<float, FEL_vector3f, FEL_vector3f>
(input_vector_fieldl, input_vector_field2,

make_dot_product, NULL, "my_dot product_field");

The “NULL”  amumentfills the slot for the (unused)void* client data. In
the secondexample,we’ve given the derivedfield an (optional) name,which canbe
retrieved via dot _product _field->get _name() . It oftenimprovesreadability
to breakup the templateand constructorargumentsover several lines, aswe’ve done
here.A healthycompilerwon’t mind.

19.6.3 Derivedfield checklist

Declaringand constructinga derived field requiressomeplanning. Hereis a little
checklist:

e Map then interpolate, or interpolate then map?  The relatve or-
dering of these two operations is determined by the type of de-
rived field you construct; i.e, there are separatetypes of derived
fields (FEL_map.then _interpolate _derived _field* and
FEL_interpolate _then _map.derived _field* for each option.
SeeSectionl19.3above.

e How mary componenfieldsarethere?Componenfields arethe “input” to the
derivedfield, from which its valuesarederived. FEL allows one,two, or three
componenfields. This numberimmediatelyfollows “field " in the complete



110 CHAPTER19. DERIVED FIELDS

derivedfield classname.lt is unusuato needmorethanthreecomponenfields.
If you have more than this numberof componentffields, you may be able to
“factor”thederivationinto parts,eachinvolving threeor fewercomponentsand
constructhe overall derivationincrementally

e What are the componentfield types? These types (typically float
FEL vector3f , or FEL plot3d _q) areneededfor the templatearguments
in the derivedclassdeclaration.

e Whatarethecomponenfield instancesThecomponenfields (of thetypesjust
mentionedin the item above) on which the derived field is built needto exist
whenthederivedfield is constructed FEL pointersto thesefieldsarepassedis
argumentdo thederivedfield constructor

¢ Whatis the mappingfunction? The mappingfunction corvertscomponenfield
typesto the type of the derivedfield itself. A pointerto this function mustbe
providedto the derivedfield constructor (Or at leastone mustprovide a func-
tion pointerof the appropriateype, which shouldactuallypointto a function of
the approriatetype whenthe derivedfield is queried. By redirectingthe func-
tion pointerregisteredwith the derivedfield, onecould dynamicallychangethe
derivation,basedon someconditions just prior to queryingthefield...)

e Are thereary client datawhich needto be passedo the mappingfunction?
A pointercan be registeredwith the derived field at constructiontime, which
providesarbitrarydatato the mappingfunction. Thedatacanbe changedat ary
time, for instancejust prior to queryingthefield.

19.6.4 A moreor lesscompletederivedfield example

Hereis an examplewhich constructsa derived field representinghe signeddistance
from a plane. Sucha field could be usedin conjunctionwith aniosurfaceroutine,for
instanceto implementa cutting planeroutine.

typedef  struct

{
FEL_vector3f n; /[ normal
float  p; /I point
} hessian; /I Hessian normal form of a plane

/[ the mapping function

int  signed_distance(const FEL_solution_globals&,
const FEL_vector3f&  test point,
void* plane, /I client data
float* dist)

{

hessian* hnf = (hessian*)plane;
/I calculate signed distance
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*dist = FEL_dot(hnf->n, test_point) + hnf->p;
return 1,
}
int cutting_plane(FEL_plot3d_field ptr plot3d_field,
hessian*  plane,
FEL_float_field_enum scalar_field)
{
FEL_mesh_ptr mesh = plot3d._field->get_mesh();
/[ “"convert" mesh to position vector field
FEL_vector3f_field_ptr pvec =
new FEL_mesh_as_vector3f_ field(mesh);
FEL float field ptr distance_field =
new FEL_map_then_interpolate_derived field 1
<float,FEL_vector3f>
(pvec, signed_distance, plane);
FEL float field ptr color_by field =
plot3d_field->make_float_field(scalar_ field );

/I colormapping  via “color_by_field"
isosurf(distance_field, color_by field, o)

}

In this example,thetypedefd structhessian containsa pointandnormaldefin-
ing aplane.Themappingfunctionsigned _distance() useghepointandnormal
to calculatethe signeddistancefrom the plane(negative on one side, positive on the
other)to anincomingtest _point . The mappingfunctionis usedby the derived
field distance _field , alongwith the planeequationwhich is provided asclient
data(actualargumentplane ) to thederivedfield constructor Thederivedfield is built
ontop of asinglecomponenfield— pvec — whichis afield of thepositionvectorsof
theunderlyingmesh courtesyof theadaptorclassFEL_mesh_as vector3f _field
(seeChapterl7). Whendistance _field is queriedfor avalueatagivenlocation,
it returnsa signedscalarindicatingthe distanceof the querylocationfrom the plane
describedn plane . Thusanat _cell() callondistance field will returnan
arrayof valuesindicatingthe distanceof eachvertex of a cell from a plane. Interpo-
lating the O-valuedsurfaceon this field (via marchingcubesor thelike) will yield the
cutting planespecifiedby plane .
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Figure19.1: A visualizationillustrating several usesof derivedfields. The white line
originatingfrom thetrailing edgeof the shuttlewing is a streamlinetracedin the ve-
locity derivedfield. Usingthe streamlineasa local frameof referencecutting planes
wereconstructedasin the examplein this chapter andtheneachplanewastrimmed
to a disk. Texturedon eachdisk is the pressurederivedfield. Visualizationby Chris

Henze.



Chapter 20

Differ ential Operator Fields

20.1 Gradient, divergence,and curl

The FEL differentialoperatoffields arespecializedlerivedfields which apply the dif-
ferentialoperatorgyrad,div, andcurl, to a preeisting basefield, in three-dimensional
Euclidearspace Thethreeoperatoraretypically writtenin termsof a singleoperatoy
thenablaoperator(V).

20.1.1 Grad

The gradientoperatoractson a scalarfield and producesa vectorfield indicatingthe
local directionand magnitudein which the scalarfield is changingmostrapidly. In
Cartesiarcoordinateswheref is ascalarfield, f = f(z,y, 2):
of. of. of
= = — —_— —k
grad f =V f 8$1+6y‘]+62
The gradientvectorsarealways perpendiculato the level surfaces(isosurfices)of f.
The spatialderivative of f in ary directionis just the projectionof the gradientvector
onthatdirection.

20.1.2 Div

Thedivergenceoperatoractson avectorfield andproduces scalarfield indicatingthe
local netoutwardflow perunit of time andvolume.In CartesiarcoordinateswhereF
is avectorfield, F = F(z,y, z), and F,, is thez-componenof F (likewisefor y and
2):
) 0F, OF, OF,
+ L+

ox Oy 0z
Locationsin a vectorfield F whereV - F > 0 arecalledsources(moreoutflow than
inflow), locationswhereV - F < 0 arecalledsinks(moreinflow thanoutflow), and
locationswhereV - F = 0 arecalledsource-free If the entirefield is source-freeF is
calledsolenoidal

divF=V-F =

113
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[FEL_gradient_field1<TO,FROM>|

[FEL_differential_operator_field1<TO,FROM> [—[FEL_divergence_field1<TO,FROM> |

[FEL_curl_field1<TO,FROM>]

[FEL_differential_operator_field<TO,FROM>

[FEL_gradient_field2<TO,FROM>|

[FEL_differential_operator_field2<TO,FROM> [(—[FEL_divergence_field2<TO,FROM> |

{FEL_curl_field2<TO,FROM>|

Figure20.1: The FEL differentialoperatoffield classhierarchy

20.1.3 Curl

Thecurl operatoractson avectorfield andproducesnothewectorfield indicatingthe

local directionandmagnitudeof the rotationof the original vectorfield. In Cartesian
coordinateswhereF is avectorfield, F = F(z,y, z), and F;, is the z-componenbf

F (likewisefor y andz):

OF, OF, 0F, OF oF, OF.
F — F — z _ _y . T _ z . _y _ T k
curt v x (6y 8z>1+(6z 3m>J+(8m 6y>

At agivenlocationin aswirling vectorfield, thecurlis proportionako thelocalangular
velocity. Thecurl is nonzeroin “straight” vectorfields with shear Vectorfields with
V x F = 0 everywherearecalledirr otational

20.2 First-order and second-orderaccuracy

As you canseefrom the descriptionsn the previous section,all FEL differentialop-
eratorfields requirespatial derivativesof their scalaror vectorbasefield values. In
FEL, thesespatialderivativesareestimatedy eitherafirst-orderaccurateschemeor a
second-ordeaccurateschemegdependingon thetype of differentialoperatoifield you
construct.Figure20.1shovsthatthe FEL differentialoperatoffield classhierarchyhas
two parallellineagesthe“1” or“2” in theclassnamegleterminesvhetherafirst-order
or asecond-ordeaccurateschemas usedin estimatinghederivativesusedby agiven
differentialoperator
In the first-order differential operator fields (descendantof FEL_differ-

ential _operator _fieldl<TO,FROM> ), the same interpolating polynomial
whichis usedto interpolatevaluesonthebasefield is analyticallydifferentiatedo pro-
duceanexpressioryieldinginterpolatederivatives.If thedifferentialoperatoffield in-
terpolationmode(seeChapter9) is FEL ISOPARAMETRICINTERPOLATION the
computationabpaceshapefunctionson a given cell aredifferentiatedwith respecto
the computationatoordinatesthe resultingpartial derivativesareevaluatedat the ap-
propriatelocations,andthentransformednto physicalspaceby way of the metrics. If
the interpolationmodeis FEL_PHYSICAL SPACEINTERPOLATION the physical



20.3. CREATING DIFFERENTIAL OPERATORFIELDS 115

spaceinterpolatingpolynomial on a given cell is differentiatedwith respecto phys-
ical spacecoordinatesand the requisitepartial derivatives can be evaluateddirectly
whereneeded.In eithercase the resultingphysicalspacepartial derivativesare used
to generateherequireddifferentialoperatomquantities.

In the second-order differential operator fields (descendants of
FEL differential _operator _field2<TO,FROM> ), partial derivatives
are estimatedat eachvertex of a cell by centraldifferencingin computationakpace,
andthesederivatives are transformednto physicalspaceby the metrics. Thenthe
differential operatorquantitiesare generatedat eachcell vertex and, if necessary
interpolatedatinterior locations.

In generalthe second-ordedifferentialoperatoifieldswill producemoreaccurate
andreliableresultsthanthe first-orderfields, but the second-ordefields requiremore
work, sincethe centraldifferenceschemedemandsield valuesfrom a larger stencil.

At presentsecond-ordedifferentialoperatorfields are not supportedon unstruc-
turedmeshes.Techniquesxist for an analogueof the centraldifferenceschemeon
unstructuredneshegBar91], andmaybeincludedin afuturerelease Note,however,
that second-ordedifferential operatorfields are supportedon the tetrahedrameshes
derivedfrom structuredneshedy simplicial decomposition.

20.3 Creating differ ential operator fields

Differentialoperatoffieldsarebuilt ontop of pre«istingfields,whichwe referto here
ashasefields As long asthe basefield hasthe propernodetype (scalaror vector)to
which the differentialoperatorapplies,it may itself have beencreatedn any number
of ways, i.e., the basefield may be a corefield, a derived field, or perhapsanother
differentialoperatoffield.

The basefield is provided to the differentialoperatorfield constructorasan FEL
pointer In fact,the only otherargumentto the differentialoperatorfield constructors
is an optionalname,in the form of a charactestring. You choosebetweerfirst- and
second-ordenumericalschemesy instantiatinga differentialoperatoffield with a“1”
(first-order)or “2” (second-ordergisthelastcharactein the classname.

Thedifferentialoperatoffields areall templated parameterizeddy two types:the
type they return (“TQO’) andthe type of the basefield they operateon (“FRON). As
usual,thereis a selectionof predefinedypedefsfor the mostcommoninstantiations,
which allow you to bypasghetemplatesyntaxin mary casesSeethe FEL Reference
Manualfor acompletdist of availabletypedefs.

Usingafirst-ordergradientfield asanexample,the prototypicaldifferentialopera-
tor field declaratioriookslik e this:

FEL pointer<  FEL_typed_field<TO> > grad_field =
new FEL_gradient field1<TO, FROM>
(FEL_pointer< FEL_typed_field<FROM> >);

The differentialoperatorfield is declaredto operateon basefield type FROMand
producetype TO. Thereforethe constructorargumentis a pointerto a field of type
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FROMandthe differential operatorfield itself, returnedby new, is representedby a
pointerto afield of type TO.

Thus,
FEL float field ptr temperature_field;
FEL_vector3f_field_ptr grad_of temperature_field =
new FEL_gradient_field1<FEL_vector3f, float>

(temperature_field);

producesa vector field which at any location returnsthe gradientof tempera-
ture _field . Usingatypedefthesamedeclaratiorcouldbeaccomplisheds:

FEL float field_ptr temperature_field,;
FEL_vector3f_field ptr grad_of temperature_field =
new FEL_gradient of float_field(tempera ture_ field) ;

Hereareafew moreannotateaxamples.

FEL float field ptr temperature_field,;
FEL_ vector3f field velocity_field,;

/l 1st order
FEL float field_ptr div_of_velocity_field =
new FEL_divergence_of vector3f field1(v eloci ty fie Id);

/[ 2nd order
FEL float field ptr div_of_velocity_field =
new FEL_divergence_of vector3f field2(v eloci ty fie Id);

/I 2nd order, double precision output

FEL_double_field_ptr div_of_velocity field =

new FEL_divergence_of vector3f field2<d ouble ,FEL v ector 3f>
(velocity_field);

/Il curl of velocity = vorticity
FEL_vector3f_field_ptr vorticity field =
new FEL_curl_field2<FEL_vector3f,FEL_ve ctor3 f>(vel ocity _field

/I typedefd version
FEL_vector3f_field_ptr vorticity field =
new FEL_curl_of vector3f_field2(velocit y_fie Id);

);
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20.4 *“Chaining” differ ential operator fields

As mentionedpreviously, the basefield of a differentialoperatorfield canitself be a
differentialoperatoffield. This allows operator‘chaining” to createnew operatorsFor
example the Laplacianoperator(V2, sometimeswritten A), in Cartesiarcoordinates,
operatingon ascalarfield f = f(x,y, 2), is definedto be:
o%f 0°f O°f
A = ) = . = — —_— -
f=divgrad f =V -(Vf) 522 + e + 922
In light of this definition,onecandeclarea scalarLaplaciandifferentialoperatoffield
asfollows:

FEL float field_ptr pressure; /I a derived field: de-
fined elsewhere

FEL_vector3f_field ptr grad_pressure =

new FEL_gradient_of vector3f field2(p ressur e);

FEL float field ptr laplacian_pressure =

new FEL_divergence_of vector3f field2 (grad_ press ure);

Now laplacian  _pressure is a scalarfield which returnsthe secondspatial
derivative,or “curvature”,of thepressurdield. Notethatpressure isitselfaderived
field, whosevaluesareonly calculatecon demand.

Chainingthedifferentialoperatoffieldsis a powerful technigueand FEL supports
chainsof arbitrarylength;but onemustbe awareof the numericallimitations of grid-
deddata.Numericaldifferentiatiorby way of finite differenceschemesagnifienoise
in thedata,andis subjectto truncationandroundof error. Thesefactorscanquickly
overwhelmary meaningfulsignaturen a datasetdueto therepeatediumericaldiffer-
entiationentailedby a chainof differentialoperatoffields.

The numericalproblemsassociatedvith repeatedifferentiationare particularly
severe on unstructuredyrids. Unstructuredgrids supportonly first-orderdifferential
operatorsandtheseproduceconstantvaluesacrossa giventetrahedron.Subsequent
differentiationat the nodesof the constant-aluedtetrahedrainvariably yields zero
derivatives. On structuredgrids, chaineddifferentialoperatorfields shouldbe second-
order, to avoid the derivativesfrom “bottomingout” prematurely

In additionto thesenumericalissuesthereare performanceconsiderationssso-
ciatedwith chaineddifferentialoperatofrfields. In the second-ordecentraldifference
schemegvaluatingthe derivativesat a given vertex requiresbasefield valuesfrom a
neighborhoodf adjacentvertices. If the basefield itself requirescentraldifference
values,it will have to fetchvaluesfrom yet a wider neighborhoodencompassinthe
first. This“expandingneighborhood{or “stencil”) aroundeachvertex resultsn signif-
icantoverheador afield query In addition,adjacenterticeshave largely overlapping
“expandedheighborhoods”so adjacenfield queriesresultin alot of duplicatework.
For thesereasonsjf performanceas anissue,it may make senseto eagerlyevaluate
(seeChapterl7) or atleastcache(seeChapterl7) theresultsof a chaineddifferential
operatoffield, particularlyif it involveshighly derivedfields.
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Here is an example combining differential operatorfields and derived fields.
The Laplacianoperator in Cartesiancoordinatesoperatingon a vectorfield F =
F(z,y, 2), is definedto be:

0’F O’F O°F

AF = grad divF —curl curl F =V(V-F) -V x (VxF) = W+8—g/2+ 922

We candefinea vectorLaplacianoperatoffield asfollows:

FEL_vector3f_field ptr v_field; /I some vector field, de-
fined elsewhere

FEL float field_ptr div_field =
new FEL_divergence_of vector3f field2(v _fiel d);

FEL_vector3f_field ptr grad_div_field
new FEL_gradient of float field2(div_fi eld);

FEL_vector3f_field_ptr curl_field =
new FEL_curl_of vector3f_field2(v_field );

FEL_vector3f_field ptr curl_curl_field =
new FEL_curl_of vector3f field2(curl_fi eld);

FEL_vector3f_field_ptr vector_laplacian_field =
new FEL_difference_of vector3f_field
(grad_div_field, curl_curl_field);

/I if desired, convert into core field
vector_laplacian_field =
vector_laplacian_field->get_eager_ field ();
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Instantiating Fields

The mostprominentuseof templatesn FEL is for the nodetype of fields. Thetem-
plating makesit possiblefor the userto constructfields with a new nodetype with a
minimal amountof code. FEL requiresa few basicoperationsbe supportedfor the
nodetype,sothatthelibrary caninterpolateif necessarwhenqueriedaboutfield val-
ues. The numberof operatorgequiredis intentionallykeptsmallto make it easierto
introducecustomtypes.

To demonstratehe minimal requirementf the nodetype, we presenta few ex-
ampletypesbelon. Keepin mind that mostbuilt-in numericaltypessupportall the
requiredoperationsandthensome.

21.1 Basictype requirements

Thefirstexampletypeis the“foo ” type.A foo hasbasicallythebehaior of aspartan
scalar

class foo {
float value;

public:

foo) { }

foo(float v) : value(v) {1}

friend foo operator*(double d, const foo& f) {
return  foo((float) (d * f.value));

}

friend foo operator+(const foo& Ihs, const foo& rhs) {
return  foo(lhs.value + rhs.value);

}

/I ostream operator not necessary, but handy

friend  ostream& operator<<(ostreamé& strm, const foo& f)
return  strm << f.value;

}

2
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A “foo " musthave a default constructor(so that one canallocatean array of them),
andwe provide a constructomwith a float agumentso the exampleis not too trivial.
The* and+ operatorssupportmultiplying a foo by a scalarand addingtwo foo
objectstogether In aprogram theinstantiationof afoo field wouldlook like:

main() {
/I make a dummy mesh
FEL _mesh_ptr mesh = new FEL_regular_mesh(5, 7, 11);

/I convenience typedefs for foo fields
typedef  FEL_field<foo> FEL_foo_field;

typedef  FEL_pointer<FEL_foo_field> FEL_foo_field_ptr;
typedef  FEL_core_field<foo> FEL_core_foo_field;
/I make a foo field and iterate over it
foo* foo_data = new foo[mesh->card(0)];
/Il should il in the foo data buffer
FEL_foo_field_ptr foo_field;
foo_field = new FEL_core foo_field(mesh, foo_data);
FEL vertex_cell_iter iter;
int res;
for (foo_field->begin(&iter); liter.done(); ++iter) {
foo f;
res = foo_field->at_vertex_cell(*iter, &f);
assert(res == FEL_OK);
cout << “field value at " << *iter << " is " << f << endl
}

Thetypedef statementsrenot essentialput they comein handyfurtherdown the
line, sincethetemplatesyntaxcangeta bit tedious.

An examplecloserto whatonemight do in practiceinvolvesthe constructiorof a
field whereeachnodehasa vectorof 10 doubles:

typedef  FEL_vector<10,double> FEL_vectorl10d;

typedef  FEL_field<FEL_vector10d> FEL_vectorl0d_field;
typedef  FEL_pointer<FEL_vector10d_field> FEL vector10d_field ptr;
typedef FEL_core_field<FEL_vector10d> FEL_core_vectorl0d_field;

FEL_vector10d* vectorl0d_data =
new FEL_vectorl0d[mesh->card(0)];

FEL vectorl0d_field ptr vector10d_field =
new FEL_core vectorlOd field(mesh, vectorl0d_data);

for (vectorlOd_field->begin(&iter); liter.done(); ++iter) {
FEL_ vectorl0d v;
res = vectorlOd_field->at_vertex_cell(* iter, &v);
assert(res == FEL_OK);
cout << “field value at " << *iter << " is " << v << endl
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}

Thevectortemplateis definedby FEL (seeChapter3); thereis no needto provide the
requiredmathoperatorssincethey arealreadyin thelibrary.

21.2 Differential operator field requirements

If differentialoperatorfields will be constructedwith the new nodetype, thena few
moreoperatorsnustbe defined:

class bar {
float  value;
public:
bar() { }
bar(float v) : value(v) {1}
friend  bar operator*(double d, const bar& h) {
return  bar((float) (d * b.value));
}
friend  bar operator+(const bar& Ihs, const bar& rhs) {
return  bar(lhs.value + rhs.value);
}
friend bar operator-(const bar& Ihs, const bar& rhs) {
return  bar(lhs.value - rhs.value);

}

/I the following should not be necessary,

/I but are needed for some SGI compilers, which can

/I get confused at instantiation time

friend  bar operator*(const bar& b, double d) {
return  bar(b.value * d);

}

friend  bar operator-(const bar& b) {
return  bar(-b.value);

}

friend  bool operator==(const bar& l|hs, const bar& rhs)
return  lhs.value == rhs.value;

}
b

Technically speaking, the only extra operator that should be required is bar
operator-(const bar&, const bar&) . Unfortunately asnotedin the ex-
ample,a few more operatordefinitionsmay be necessaryf the compilerand linker
thatoneis working with getconfused.Fortunately the error messagemdicatingthe
needfor a particularoperatoraretypically not too difficult to decipherandthe opera-
torsarefairly straight-forvardto define.
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Currently FEL containstypedef statementdor fields with the following node
types:

o float

e double

e FEL_vector2f

e FEL_vector3f

e FEL_vector3d

e FEL_matrix33f

e FEL plot3d _density _momentum

e FEL plot3d _q

The last two types are aggrayatesdefinedfor the solution vector data standardto
PLOT3D [WBPE92]. The“q” type containsthe entire PLOT 3D solution,the “den-
sity _momentunt field containsthe subsetof the variablesnecessaryor velocity-
relatedderivedfields. The mathoperatordor bothtypessimply definethe sameoper
atorsin turn for eachcomponenin the object. So, for instance pperator+ with two
g objectsreturnsa new objectwherethe density momentumandenegy components
areeachthe sumof the correspondingomponentsn thetwo arguments.
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File I/0O

To constructinstancef mostmeshandfield classesn FEL, one provides,asargu-
ments parametersindpointersto buffers containingdata. Typical parameteranclude
specificatiorof structuredmeshdimensionsanddatabufferstypically includevertex
coordinate®r solutiondata.For mostscientistsmeshdataandsolutiondataarestored
in files of variousformats.FEL providesfile readeifunctionsthatextractthedatafrom
files and, whereappropriate that load the datainto main memorywith a layout ap-
propriatefor the classto be constructed.Using the readerfunctions,one cansimply
specifythefile nameandoptionalflagsdescribingthefile format,andthe appropriate
objectswill be constructed.

FEL hasfamiliesof file readerfunctionsfor severalmajor file formats. The most
extensive supportin FEL is for the PLOT3D [WBPE92]format. A secondfamily of
readersacceptsagedPLOT3D files (seeChapter23). PagedPLOT3D files contain
thedataof standard®LOT 3D files, but the dataarereomanizednto page-sizedhunks
thatcanbereadin on demand.FEL containslessextensie supportfor two morefile
formats: FITS [FIT] andVis5D [Vis]. Finally, the library providesa genericset of
readingfunctionsthat areindependenbf a particularfile format. Theideais thatan
applicationwritten in termsof the genericroutinescanwork with a variety of file for-
mats. The genericroutinescurrentlysupportwork with PLOT3D andpagedPLOT3D
files, with limited supportfor the Vis5D format.

File readersarebuilt usingstandard-EL operationsThus, it is possibleto write a
readerfor a new file typewithout having to modify FEL.

22.1 PLOT3D file readerfunctions

The visualizationapplicationPLOT3D [WBPE9J definesa family of file formatsfor
storingmeshe&ndfields. TheFEL file readeffunctionshandlefiles designate@s“3D
(/WHOLE)” by PLOT3D. The PLOT3D “1D", “2D", and“3D (/PLANES)” formats
arenot supportedThis sectioncontainsdescriptiongor thethreePLOT3D-relatedfile
readerfamilies. Most of this sectiondescribeghe family of genericfile readersith
notesdescribinghow the othertwo familiesdiffer. A later subsectiorshavs how the

123
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functionscorresponamongthethreefamilies.

Most applicationsshould usethe genericfunctionsso that they work with both
typesof files. While the genericfunctionshave someamountof overheadover the
specificfunctions,the overheads quite minimal andis outweighedby allowing your
programto work with multiple file formats. Futureversionsof FEL may enhancehe
generidile readeifunctionswhichwouldlet yourapplicationreadthosefiles with little
or no effort.

22.1.1 The PLOT3D flags

The FEL PLOT3D flags allow the userto specify the type of a file. They spec-
ify the type of the file (PLOT3D or pagedfile) aswell asthe particularvariation
of the PLOT3D file format. The genericfile readersuse the file type flags (ei-
ther FEL_.PLOT3D3D_WHOLEor FEL_.PAGEDPLOT3D3D.WHOLJEto determine
thefile-type-specifiaoutinethat shouldbe calledto do the actualwork. The variation
flags tell the standardPLOT3D routineswhich PLOT3D variationthe file contains.
ThepagedPLOT 3D routinesignorethevariationflagsbecaus¢he pagediles areself-
identifying. If you call astandard-PL®3D- or paged-PLO3D-specificceaderoutine
directly, theflagsargumentmustcorrespondo thefile typethattheroutinehandles.

Several flags can be expressedsimultaneouslyusing the C “| ” bitwise-or op-
erator For example,“FEL_PLOT3D3D.WHOLE| FEL_.PLOT3DMULTIZONE |
FEL_PLOT3DIBLANK” specifiesa PLOT3D multi-zonefile whichincludesiBLANK
information.

The PLOT3D readergecognizehefollowing flags:

FEL_PLOT3D3D_WHOLHor all PLOT3D (nhon-pagedjiles
FEL_PAGEDPLOT3D3D_WHOLKEor PLOT3D pagedfiles
FEL_.PLOT3DIBLANK file containslBLANK information
FEL_PLOT3DMULTIZONE file hasmultiple zones
FEL_PLOT3DUNSTRUCTUREIRIe containsanunstructureqtetrahedralmesh
FEL_PLOT3DFORTRANJNFORMATTEDIinarywith FORTRAN controlwords
FEL_.PLOT3DFORTRAN-ORMATTEDPLOT3D ASCII format
FEL_.PLOT3DFUNCTIONfile is afunctionfile

FEL_PLOT3DLITTLE _ENDIAN bytesarein little endianorder

22.1.2 Automatic meshtype deduction

FEL providesanautomatidormatdeducingfunction,FEL_deduce _mesh_type() ,
which makesit easierfor the userto read mesheswithout having to rememberthe
particularvariationof the file formatat hand. The deducemwill determinethetype of
thefile (standard”LOT3D or paged),andthe file’s PLOT3D variation. The deducer
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allows oneto pretendthatall PLOT3D files are self-describing.The deducertakesa
charactesstring file nameandreturnsan unsignednteger representinghe flags, or 0
if it could not successfullydeducethe meshtype. The deduceressentiallyworks by
hypothesizinghatthe file is a particularformatandexaminingthefile to seewhether
the file is consistentwith that format. With pagedPLOT3D files, the deducerjust
examinesthefirst few bytesof thefile to seeif thefile hasa valid pagedPLOT3D file
header

Deducinga standardPLOT 3D file takesmorework. The PLOT3D deducemust
hypothesizea PLOT3D file variation, interpretthe first wordsin the file asif in the
hypotheticalvariation, and then computethe size of the file in bytesimplied by the
heademords.If thenumberof bytesimplied matchegsheactualnumberof bytesin the
file, thenthe deducereturnsthe specificvariation. Otherwise the deducercontinues
to the next variationhypothesis.The techniqueusedby the deducetis not fool-proof.
For example if for somereasorthefile hasextrabytesappendedo it, thentheimplied
countwill notmatchtheactual,andthededucemill fail.

22.1.3 Readingmeshfiles

The function FEL_read _mesh() is the function for readingmeshes.The function
takes one required argument, the characterstring meshfile hame, and returnsan
FEL meshsubclass.If the readerencountersan error, thenit returnsNULL Imme-
diatelyfollowing thefile nameargumentis anoptionalargumentwith theformatflags
for thegivenfile. By defaultthereadercallsthe deducefunctionto computetheflags.
The third algumentallows readinga specificzonefrom a multi-zonedataset. The
defaultvalueof -1 specifieghatevery zoneshouldbereadin; othervaluesspecifya
particularzoneto beread.Thefunction’s declarations:

FEL_mesh_ptr FEL_read_mesh(char*, unsigned = 0,
int = -1);

22.1.4 Getting information about structur ed meshfiles

Threefunctionsreadpart of a structuredmeshfile and returninformation aboutit.
Thesefunctionsabortif they arecalledonanunstructuredanestfile. All threefunctions
return a statuscodeof FEL_OKon successand FEL_FAILED on failure. The first
argumentfor thefunctionsspecifiesthenameof thefile. Thesecondargumentspecifies
thetypeof thefile andmustbenon-zero(usethe deduceif youdon't know thetype).

The sameinformationcanbe retrieved from a meshonceyou have readit, using
get _n_zones andget _structured _dimensions . If youdo notneedtheinfor-
mationbeforereadingthe mesh,it is more efficient to readthe entire meshandthen
retrieve theinformationfrom it.

Thefunctionsare:

int FEL_read_mesh_dimensions(char*, unsigned, int*,
FEL_vector3i**);
int FEL_read_mesh_n_zones(char*, unsigned,  int*);



126 CHAPTERZ22. FILE I/O

int FEL_read_mesh_zone_dimensions(char *,unsigned, int,
FEL_vector3i*);

Thefirst function, FEL read _mesh_dimensions , returnsthe numberof zones
and the dimensionsof eachzone. The dimensionsare returnedin a dynamically-
allocatedarray This arraymustbe deallocatedisingdelete(] afteryou have fin-
ishedusingit. Thearrayis returnedby settingthe FEL vector3i*  thatis pointedto
by thethird agument.

The secondfunction, FEL read _mesh_n_zones , returnsthe numberof zones
by setting the integer pointed to by the third argument. The last function,
FEL_read _-mesh_zone _dimensions , returnsthedimensionf thezonespecified
by the third amgumentby modifying the FEL vector3i  pointedto by the lastargu-
ment. Theselasttwo functionscall FEL_read _mesh_dimensions andreturnpart
of whatit returns,soit is moreefficientto call thatfunctionif you needinformation
aboutall thezones.

22.1.5 Readingsolution files

FEL provides a set of solution readerfunctions, all with the prefix FEL read _,
e.g., FELread _density . Each solution readerfunction take, as a first armgu-
ment, the meshupon which the solution is basedand a characterstring file name
as the secondargument. The third required argumentis the set of flags spec-
ifying the specific file format. The flags are the same as those used for the
meshreadingfunctions,thoughsomeflags (specificallyFEL_PLOT3DIBLANK and
FEL_PLOT3DUNSTRUCTURBRreirrelevantto solutionfiles and areignored. If
theflagsincludeFEL_PAGEDPLOT3D3D_.WHOLE.e., if onewill bereadingfrom a
pagedile, thentheremainingflagsarenot necessaryaspagediles areself describing.
The datain the pagedfile overridesoptionsspelledout by theflags. Immediatelyfol-
lowing thethreerequiredargumentdo the solutionreaderoutinesthereis anoptional
argumentspecifyinga specificzoneto read. By default the datafor all the zonesof a
multi-zonefile areread.

Unlike the meshcase the library doesnot provide a formatdeducingfunction for
solutionfiles. Typically, onecanusetheflagsreturnedby FEL_deduce _mesh_type
asanargumentto boththe meshandsolutionreadingfunctions,sincebothareusually
the samePLOT3D variation, e.g.,“FORTRAN unformatted”. Thusthe lack of a so-
lution format deduceiis typically not anincorvenience.In the casesvherethe mesh
andsolutionarenot in the sameformat, onecanstill usethe meshdeducerresultfor
readingthe mesh but the flagsfor the solutionreademustbe determineddy the user
andprovidedmanually

Thetypical usageof thededucemandreadeifunctionsis:

unsigned flags;
FEL_mesh_ptr mesh;
FEL float field ptr density_field;

flags = FEL_deduce_mesh_type(mesh_file_name );
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mesh = FEL_read_mesh(mesh_file_name, flags);
density_field = FEL_read_density(mesh, soln_file_name, flags);

Codewritten for actualuseshouldcheckthatthe returnvaluesfor eachof the callsis
not0 or NULL Thefollowing solutionreaderfunctionsareprovided:

FEL float field ptr FEL_read_density(FEL_mesh_ptr,

const char*, unsigned, int = -1);

FEL float field ptr FEL read_momentum_x(FEL_mesh_ptr,

const char*, unsigned, int = -1);

FEL float field_ptr FEL_read_momentum_y(FEL_mesh_ptr,

const char*, unsigned, int = -1);

FEL float field_ptr FEL_read_momentum_z(FEL_mesh_ptr,

const char*, unsigned, int = -1);

FEL_vector3f_field_ptr FEL read_momentum(FEL_mesh_ptr,

const char*, unsigned, int = -1);

FEL float field ptr FEL_ read_energy(FEL_mesh_ptr,

const char*, unsigned, int = -1);

FEL plot3d_qg_field_ptr FEL read_q(FEL_mesh_ptr,

const char*, unsigned, int = -1);

FEL_vector3f_field_ptr FEL read_velocity(FEL_mesh_ptr,

const char*, unsigned, int = -1);

FEL_plot3d_density_momentum_field_pt r

FEL read_density_ momentum(FEL_mesh _ptr, const char*,
unsigned, int = -1);

22.1.6 Readingfunction files

FEL provides two routines for reading PLOT3D “function” files:

FEL_read _float _function and FEL_read _vector3f _function . The
first two argumentsto the routines,the meshandfile name,are the sameas for the

solutionreadersThelasttwo argumentsarealsothe same:ithesecondo lastargument
specifiesthe file format flags; the final argument, which is optional, specifiesa

particularzoneto read. Thefunctionfile readeroutineshave anextra, third argument,
specifyinghow mary scalarvariablesto skip overin orderto getto thedesiredvalues.
For example givenafunctionfile havzing azonecontaininga vector(3 floats)followed

by a scalar one would usea value of 3 for the third argumentin orderto readthe

scalarvariable. Thepagingcodedoesnot currentlysupportffunctionfiles, sothe paged
versionsof thesefunctionsdo not exist. Thefunctionsare:

FEL float field ptr FEL read_float function(FEL_mesh_ptr,
char*, int, unsigned, int = -1);
FEL_vector3f_field_ptr FEL_read_vector3f_function(FEL_mesh _ptr,

char*, int, unsigned, int = -1);
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22.1.7 Readingindividual zonesfrom multi-zone files

On someoccasionsne may desireto readthe datafor individual meshor solution
zonesrom multi-zonefiles. For example whenworking with very large datasets,one
may not be ableto load the whole datasetinto memoryat once,so processingones
oneatatime maybetheonly option. All thePLOT3D mesh solution,andfunctionfile

readerssupportan optionalfinal agument,allowing the userto specifyanindividual

zoneto read.

In orderto make it easierto write codethat works with both single and multi-
zonemeshesthe readingroutinesallow oneto provide a zoneargument,evenwhen
the meshis single-zone.In the single-zonecase the agumentvaluemustbe 0. This
allowancemalkesit possibleto write codesuchas:

unsigned flags = FEL_deduce_mesh_type(mesh_file);
int n_zones;
FEL_read_mesh_n_zones(mesh_file, flags, &n_zones);

for (int zone = 0; zone < n_zones; zone++) {

FEL _mesh_ptr m = FEL read mesh(mesh_file, flags, zone);
FEL float field ptr f =

FEL_read_energy(m, soln_file, flags, zone);
/I ... do processing with field f

}

The excerptabove will work with both single-and multi-zonefiles. Of course,
codefor actualuseshouldcheckthe returnvaluesfrom the readerfunctionsto ensure
success.

22.1.8 Making the PLOT3D readersmore verbose

In generalthe PLOT3D readerfunctionsdo not write ary outputto the terminal. In

somecasest may be handyto requestmore output,for example,whentrying to de-
terminewhy thereadercannotsuccessfullyeada particularfile. The PLOT3D reader
routinesall checkapublic globalvariable:FEL_reader _verbose ,whichcanbeset
totrue by theuser Whenthisflagis truethereadergprovide moreinformationabout
whatthey aredoing.

22.2 PLOT3D and pagedfile readers

Thereaderdescribedsofar aregenericfile readers.FEL alsoprovidesreadingfunc-

tionsthat operateonly on a singlefile type (standardbr pagedPLOT3D files). They

aremainly providedfor backward compatibility with older programs.Most programs
shouldusethe genericfunctions. Table 22.1 shaws the correspondencedsetweenthe

threePLOT 3D readerfamilies.
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22.3 TheFITS file reader

FEL providesa simple readerfor FITS files. The readerhandlesdatafor 2- or 3-
dimensionategularmesheswith asinglefloat valueateachnode.Thereadertakesas
its first agumenthe charactestringspecifyingthefile name.The next two aguments
eacharea pointerto aninteger. FITS file headersonsistof a sequenc®f tags,each
with a corresponding/alue. Someusershave extendedtheir useof the FITS format
by definingnew, non-standardags. In particulay the tags“XPOS” or “YPOS”, each
accompanietdy aninteger, areusedby McDonnell-Douglago signify thelowercorner
of asubimagdwhereimagesarerepresentetly a2-D mesh).The FEL FITSfile reader
functionrecognizeshe“XPOS” and“YPOS” tags,returningthe correspondingalues
in the integerspointedto by the secondand third argumentsof the readercall. By
default“XPOS” and“YPOS” aresetto 0.

In general,the FITS readerfunction doesnot write any outputto the terminal.
In somecasesjt may be handyto requestmore output,for example,whentrying to
determinewhy the readercannotsuccessfullyeada particularfile. The FITS reader
routinechecksapublicglobalvariable FEL fits _reader _verbose ,whichcanbe
setto true by theuser Whenthis flag is true, the reademprovidesmoreinformation
aboutwhatit is reading,includingdisplayingthetagsthatit encountersn thefile.

22.4 The VisbDfile reader

FEL providesa simplereaderfor files in the VIS5D format. Therearetwo routines
available to the user: FEL vis5d _get _scalar and FEL vis5d _get _vector
The scalarroutinereturnsa float field, the vectorroutine returnsa FEL vector3f
field. Both routinestake a meshasa first agumentanda charactestring file nameas
a secondargument. The scalarfield readertakesa third agument: a characteistring
providing the nameof the variableto read. Finally, bothroutinestake anintegerfinal
argumentspecifyingthetime stepto retrieve whenworking with time seriedata.
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PagedMeshesand Fields

23.1 Intr oduction

Pagedmeshesandfields aresimilar to standard~-EL meshesandcorefields, but they
usemuchlessmemory Insteadof keepingall of the datain memory they bringin the
portionsthatareused.Dataareplacedinto a pool of memory;the sizeof the pool can
be specifiedby the user Whenthe poolis full, somedatathat have not beenrecently
usedarereplacedwith thenew data.

A pagedmeshor field canbe muchfasterthanthe correspondingn-memoryver
sionif your systemdoesnot have enoughmainmemoryto hold all of the data. While
you canrely on the operatingsystems virtual memoryto bring in the datawhenyou
areusingin-core meshesandfields, the pagedversionsusememorymore efficiently
andmaybeableto keepwhatis currentlyneededn memorywhile the operatingsys-
temcannot.A programwill run muchfasterif its datacanbekeptin memory Evenif
you have enoughmemory a pagedmeshor field canbefasterif you only needto usea
fraction of the datasinceonly thatfractionis readfrom disk. However, a pagedmesh
or field canbe slower if you have suficient memoryandrepeatedlyuseall or nearly
all of thedata.This happendecaus¢hedataarereadin smalleramountscomparedo
whenthe entirefile is readat once,andbecausefor the sameamountof data,reading
datain smalleramountstakeslongerthanreadingit all at once. Also, accessindghe
datais a bit slower with the pagedroutinesbecausehey do someadditionalchecks
andcalculations.More informationaboutthe advantagesand disadwantageof paged
files andout-of-corevisualizationin generakcanbe foundin [CE97].

Fromacodingstandpointthe useof a pagedmeshor field is very similar to using
the correspondingn-coreobjects. The sameoperationsare supportedgxceptthatthe
namexf somesetupcallsaredifferent.

As of this writing, only PLOT 3D structuredgrid and solutionfiles canbe paged.
Supportfor functionfiles andunstructuredyrids may be availablein a futurerelease.
Also, the currentpagingcodeis not thread-safeso pagedfiles shouldnot be usedin
multithreadegprograms.This shouldbe correctedn thenext release.

131
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23.2 How pagedfileswork

The techniquethat pagedfiles useto bring datafrom disk asit is usedis similar to
how virtual memoryis implementedn computersystemshut usingsoftwareinstead
of hardware. Lik e virtual memorysystemsthe pagingcodereadsfixed-sizedblocks
of data,calledpagesof data.

Onereasonthat pagedmeshesand fields use memory more efficiently thanthe
operatingsystems virtual memorysystemis thatthey canselecta differentpagesize.
The pagingcodeusespagesof 2 kilobytes,while currentworkstationsusepagesizes
of 4, 8, or 16 kilobytes. Smallerpagesusememorymoreefficiently thanlargerpages
becausehere are smalleramountsof unreferencedlatasurroundingthe referenced
datathatmuststill bereadinto memory

The secondreasonfor pagedmeshesandfields’ more efficient memoryusageis
thatthey reorganizethe datain thefile, which placesdifferentdataon eachpage.For
structuredgrids, an 8x8x8 cubeof datafrom a single zoneis placedin a page. The
original PLOT3D files would placea planeof dataon a page. Again, the reasorthat
thisfile organizatioruseanemorymoreefficiently is thatplacingcubesof dataoneach
pagehassmalleramountsof unreferencediatasurroundingthe referencedlata. For
most3D traversalsof the data,placing8x8x8 cubesaroundthereferencediatacovers
asmallerportionof theoveralldatacomparedo placing(for example)32x64planesof
dataaroundthereferencediata.In practice thisreomganizatiorcutsthememoryusage
in half comparedo PLOT3D whencomputingstreamlinesIf memoryis tight, using
half thememorycantranslaténto largerfactorsof speedmprovement.Onedravback
from reomganizingthe datais thatthefiles mustbe convertedto anew format. Thenext
sectiondescribedow to corvertfiles.

Whenyou startto useafile, it is openedanddatastructuresaresetup thathave an
entryfor eachpagein thefile; eachentryindicatesthat the pagehasnot beenloaded
into memory Whenyou accessomedata(e.g.,by usinganat _cell call), thepages
wherethe dataarefound arecomputedandchecledto seeif they arepresent.If they
arenot present(which would be true if the file wasjust opened)the pagesareread.
Then,thevaluesareretrievedfrom the pagesandreturned.

Pagesreadfrom disk are placedin memoryallocatedfrom a pool of pages.There
is a singlememaorypool, which meansthatit is sharedamongall of the openpaged
files. If all pagesarein usewhena new pageis neededa pagethat hasnot been
recentlyusedis reused. The size of the pool is userconfigurable(seeSection23.5
belown). Preliminaryestimatedndicatethat you canvisualizea datasetnteractvely
whenthe pool will hold 20% of the datases grid files and 5% of the solutionfiles.
Thesenumbersdependon how the dataareusedandthuswill vary considerably

Thereis somememoryoverheadassociateavith pagediles. Whenyou startusing
a file, the pagingcodecreatesdatastructureshat usememoryequalto about0.3%
of the file size. This canbe significant: a 10 gigabytedatasetwould use about30
megabytesof memory This memoryis allocatedseparatelffrom the memorypool
usedto holdfile data.
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23.3 Converting PLOT3D filesto pagedfiles

As mentionedabove, you needto corvertyour PLOT3D files to the pagedfile format.
Thep3dtopaged programwill convertonefile to thenew format. This programcan
befoundin the FEL sourcedirectory

For mostfiles, theprogramcandeduceahetypeof inputfile. In thatcasetheusage
is:

p3dtopaged input-file output-file

The programcannotfigure out somefile types,especiallyFORTRAN unformatted
fileswith morethan5 solutionvariables With thesefiles thetypemustbe specifiedon
thecommandine usingflags. Theflagsare:

-g indicateghattheinputis agrid file with no IBLANKS
-i  indicateghattheinputis agrid file with IBLANKS

-s indicateghattheinputis a solutionfile

-1 (aone)indicatesthattheinputfile hasonezone

-m indicategthattheinputfile hasmultiple zones

-b indicateghattheinputis abinaryfile

-f indicateghattheinputis aFORTRAN unformattedile

If the programcannotdeducethe type of thefile, youwill have to specifythreeof
theaboreoptions:onefromg, i ,ors; 1 orm andb orf . Forexample p3dtopaged
-imb would specifythatthe input file is a multi-zone,binary, PLOT3D grid file that
includesIBLANKS.

Pagedfiles canbe corvertedto the PLOT3D formatwith the pagedtop3d pro-
gram. It only outputsbinary files; FORTRAN unformatteds not supported.If your
original input file wasa FORTRAN unformattedsolutionfile with seven parameters
pernode,whenyou cornvertthe pagedfile to a PLOT3D file only thefirst five param-
eterswill bein thefile. This happensecausgagedfiles containonly the first five
parameterslf theoriginal PLOT3D file wasabinaryfile, corvertingthefile to apaged
file andthenbackto a PLOT3D file will give youanidenticalfile.

23.4 Using pagedmeshesand fields

A programusespagedmeshesandfields in nearly the sameway asit usesin-core

meshesndfields. Themaindifferencds how theseobjectsarecreatedIn-coremeshes
andfieldscanbecreatedy readingafile or by giving a block of datato a constructor

Pagedmeshesandfields shouldonly be createdby usingfunctionssimilar to the ones
usedto readafile for anin-coremeshor field.
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For example,the FEL_plot3d _read _mesh function will reada PLOT3D file
into memoryandreturna FEL_mesh_ptr . TheFEL_plot3d _read _paged _mesh
functionwill openthe paged-formatfile andinitialize the pagingdatastructuresand
thenreturna FEL_mesh_ptr . Both functionstake the samearguments. The only
differenceis that the FEL plot3d _read _paged _mesh function ignoresthe flags
argument.SeeChapter22 for moredetailsaboutthesefunctions.

Your programcan also use file-readingfunctions that work for both PLOT3D
files and pagedfiles. Using thesegenericfunctionsis encouragedince your pro-
gramwill thenwork with both in-core and pagedmeshesand fields. Thesefunc-
tions will first look at the flags agumentto determinethe type of the file. If the
flags agumentspecifiesa file type (i.e., it is non-zero),that type is used. Other
wise, the functionslook at the file itself to determinethe file type. If thefile is a
PLOT3D file, thesefunctionswill readthe file andreturnan in-core meshor field;
if it is a pagedfile, they will openthe file andreturna pagedmeshor field. In gen-
eral, if thein-corefunctionis FEL plot3d _read xxx , the pagedfunctionwill be
namedFEL plot3d _read _paged xxx , and the genericfunction will be named
FEL.read xxx . Table 22.1 showns the correspondenceketweenthe genericand
paged-filefunctions.

Anotherminor differencebetweenin-coreandpagedmesheandfieldsis how the
compute _bounding _box andcompute _min _maxfunctionsareimplementedIn-
core meshesandfields mustcomputethe resultsat run time. The pagedversionsof
thesefunctionsinsteadusevaluescomputedwhenthe file was corvertedto a paged
file andthusare muchfaster Becauseof this, you shouldusethe FEL functionsto
computethesevaluesinsteadof writing your own.

23.5 Controlling memory usage

If you areconcernedaboutthe performancenf your program,you will probablywant
to avoid having it usemorememorythanis installedonthe systemwhereit is running.
You cancontrolhow the pagingcodeusesmemoryby two methods.The first method
lets you control the total amountof memoryused. The secondmethodallows you to
specifywhich meshesr fields are moreimportantand shouldbe keptin memoryin
preferenceo othermeshe®r fields.

23.5.1 Poolsize

You cancontroltheamountof memoryusedby changingthe sizeof thememorypool.
The pagingcode usesthis pool to hold pagesfrom pagedmeshandfield files that
arebroughtinto memory By default, the maximumpool sizeis 50% of the system$
memory On mostUnix systemsthe“systemmemorysize”is thevaluereturnedfrom

the getrlimit systemcall for the maximumresidentsetsize. Many shells(sh, csh,
etc.) allow thisvalueto bechangedwith thelimit  commandusingthe memoryuse

option. For example, limit memoryuse 100m would setthe overall maximum
memoryusageto 100 megabytesandthe default pagingpool size to 50 megabytes.
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On Solarissystemsthe“systemmemorysize”is determinedisinga differentcall that
returnsthe actualphysicalmemorysize.

The maximumsizeof the pool canalsobe changedwith two procedurecalls. The
first, FEL_set _paging _memory_megabytes , setsthe size of the pool directly.
The secondcall, FEL set _paging _memory_fraction , changeghe fraction of
the systems memorythatis used;the fraction shouldrangefrom 0 to 1. Both calls
takeasinglefloat argument.Thesizeof thepoolcanonly be changedeforeopen-
ing thefirst pagedfile. Callsto thesetwo functionsafteropeningafile have no effect.
Thetwo callsaredefinedasfollows:

extern void FEL_set paging_memory_megabytes(flo at);
extern void FEL_set paging_memory_fraction(floa t);

Memorywill only beallocatedto the pool asdataarereadfrom disk. This means
that,if the maximumpool sizeis muchlargerthanthefiles thatareused the pool will
grow to atmostthesizeof thefiles. (The pool canbesomevhatlargerthanthetotalfile
sizesbecauseartially-filled 8x8x8 cubesof datatake up afull pagewhenin memory
but take only a partialpagewhenon disk.)

One difference between the paged and standard file reader calls is
that the same data are loaded in memory only once with the paged
calls. For example, if you call FEL_read _paged _plot3d _density
and FEL.read _paged _plot3d _density _momentum for the same
file and use data from both, the density values will only be read once.
But, if you use the non-paged calls, FEL_read _plot3d _density and
FEL read _plot3d _density _momentum the density values will be read
twice andstoredtwice.

23.5.2 Pagepriority hints

Thesecondnemorycontrolmethodallows a programto controlwhichfile’s pagesare
retainedn the memorypool. Whenthe memorypoolis full andmoredataareneeded
from afile, a pagethat currently containsdatais selectedandreused.Eachmeshor
field hasa priority that determineghe length of time beforeits pagescanbe reused.
Increasingor decreasinghe priority givesthe pagingcodea hint on which dataare
importantor unimportantso that pagescontaininglessimportantdatacan be reused
first. Thesehintshave notyet beenusedin anapplication,sothey shouldberegarded
asexperimental.

For example,priority hintscouldbeusedwith anunsteadydatasetn aninteractve
applicationthat hasa conceptof the currentsimulationtime. In suchan application,
only the two timestepsthat braclet the currentsimulationtime are used. If all the
timestepdut the currentonesaresetto low priority, thenthey will alwaysbetheones
reused.

Thefollowing prioritiescanbeused:

e FEL_LOWPAGEPRIORITY allows the meshs or field’s pagesto be deallo-
catedandreusedmmediately
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e FEL_STANDARDPAGEPRIORITY allows the meshs or field’'s pagesto be
deallocatedhfter they have not beenusedfor a while. This is the default pri-
ority.

e FEL HIGH PAGEPRIORITY allowsthemeshor field’spagego bedeallocated
afterthey have not beenusedfor alongertime thanstandard-prioritypages.

Priorities are setby usingthe set memberfunction with one of the following
keywords:

o FEL FIELD PAGEPRIORITY changeshepriority for boththefield (solution)
dataandthe meshdatawheninvokedon a field, andchangeghe priority of the
meshdatawheninvokedonamesh.

e FEL_.MESHPAGEPRIORITY changeshepriority of themesh(if invokedona
field, changeriority of thefield’s mesh).

e FEL SOLUTIONPAGEPRIORITY changeshepriority for thefield datawhen
invokedon afield, andhasno effect wheninvokedon amesh.

The currentinterfaceallows you to setthe priority for an entire field, an entire
mesh,or both, or for an individual zonein a mesh. You cannotsetthe priority for
individual zonesof thedatafor a multi-zonefield. Someexamplesarebelow:

void priority_example()

{
/I code assumes "grid" and "solution" files are
/I multi-zoned
unsigned int flags = FEL_deduce_mesh_type("mesh™);
FEL_mesh_ptr mesh = FEL_ read _mesh("mesh", flags);
FEL float field ptr field = FEL_read_density(mesh,
"solution", flags);
/I change priority of mesh for all zones
mesh->set(FEL_MESH_PAGE_PRIORITY, FEL_LOW_PAGE_PRIORITY);
I/l change priority of mesh for zone 1

mesh->get_zone(1)->set(FEL_MESH_P AGE_RRIORITY,
FEL_LOW_PAGE_PRIORITY);

/I change priority of mesh for all zones

field->set(FEL_MESH_PAGE_PRIORITY , FEL_LOW_PAGE_PRIORITY);

/I change priority of mesh for zone 1

field->get_mesh()->get_zone(1)->s et(FE L_MESH_PAGEPRIORITY,
FEL_LOW_PAGE_PRIORITY);

/I change priority of field data for all zones

field->set(FEL_SOLUTION_PAGE_PRIO RITY, FEL_LOW_PAGE_PRIORITY);

/I change priority of mesh and field data for all zones

field->set(FEL_FIELD_PAGE_PRIORIT Y, FEL_LOW_PAGE_PRIORITY);



Chapter 24

The PLOT3D Field Manager

The PLOT3D field managetis a classhierarchywhich can help createand manage
fields basedon PLOT3D datafiles. Onceyou createa field managerobject,you can
askit to createary of overfifty predefinedlerivedfieldsby name andit will take care
of arny necessarfile readingandderivedfield constructionreturningafield readyfor
use.A functionwhich recevesa pointerto afield manageobjectessentiallyhasbeen
sentanentirecollectionof fields.

24.1 Constructing an FEL_plot3d _field

The baseclassof the field managerierarchyis FEL_plot3d _field . This class
is an abstractclass. Threederived classexreateinstanceof FEL plot3d _field
for three types of fields: steady fields, time-varying fields, and PLOT3D Q
fields. Most applications should assign instancesof the derived classesto a
FEL_plot3d _field _ptr sothattheircodeis independenbf the actualfield man-
agertype.

24.1.1 Constructing an FEL_steady _plot3d _field

Two constructorsareavailablefor constructingan FEL _steady _plot3d _field

FEL steady plot3d_field(char* mesh_file, char* soln_file,
unsigned flags = 0);

FEL_steady plot3d_field(FEL_mesh_ptr mesh, char* soln_file,
unsigned flags = 0);

In thefirst constructoryou supplythe nameof your PLOT3D mestfile (mesh_file )
andsolutionfile (soln _file ), and,optionally, flagsdescribingyour file formats. In
the secondconstructoryou supplya pointerto a preisting mesh(mesh) insteadof
thenameof a meshfile.

137
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24.1.2 Constructing atime-varying field manager

Time-varyingfield manageobjectscreatetime-varyingfieldsin responséo requests
for derived fields. Since managerobjectscreatetime-varying fields, the aguments
to the two constructordor a time-varying field managerare nearly the sameas the
constructordor time-varying fields. Chapter25 describegime-varyingfields andthe
commonarguments.

Threeof the field managerconstructors argumentsare differentfrom the time-
varyingfield’s constructor Thefirst algumentcanbe a string specifyingthe meshfile
insteadof a meshobject. Thethird algumentthe callbackfunction,is differentin that
it doesnot returna field object. Insteadi,it fills in the nameof the solutionfile and
returnsa valueindicating succes®r failure. Finally, the field managehasa seventh
argumentgiving thefile flagsfor the solutionfiles.

Thedefinitionsfor the constructorsre:

const int FEL_plot3d_filename_len = 1024;
typedef int (*FEL_plot3d_filename_callback)
(int, void*, char[FEL_plot3d_filename_len));

FEL_fixed_interval_time_series_pl ot3d_ field (
char* mesh_file,

int  num_time_steps,

FEL plot3d_filename_callback cb,

void* user_data,

float  physical_timeO,

float  physical_timel,

unsigned flags = 0);

FEL_ fixed_interval_time_series_pl ot3d_ field (
FEL_mesh_ptr mesh,

int  num_time_steps,

FEL_plot3d_filename_callback cb,

void* user_data,

float  physical_timeO,

float  physical_timel,

unsigned flags = 0);

You canspecifytime-varying mesheausingthe secondconstructorand passinga
time-varyingmeshasthefirst algument(seeChapter26).

An exampleof a time-varying managerconstructoris shavn belov. The exam-
ple codereadsa steadymeshfile calledmesh and20 solutionfiles namedsoln00
soln01 , ...,soln19 . The physicaltime valuesfor the timestepsstartat O andin-
creasedy 1 for eachtimestep.The codealsohasanexampleof how to usetheuser-
data amument:thefirst four lettersof thefilenamearepassedo thecallbackfunction
usingthatargument.
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int  soln_callback(int timestep, void* userdata,
char filename[FEL _fixed_interval_time_se ries_ plot3 d_fiel d:
FEL plot3d_filename_len))
{
sprintf(filename, "%s%02d", (char*) userdata,
timestep);
return 1,
}
FEL_plot3d_field_ptr make_time_varying_manager()
{

unsigned flags = FEL_deduce_mesh_type("mesh");

FEL plot3d_field_ptr fp = new
FEL_fixed_interval_time_series_plot3d_ field ("mes h", 20,
soln_callback, "soln", 0, 1, flags);

return  fp;

}

24.1.3 Constructing an FEL plot3d _q_field

The third type of field managerconstructorallows using fields that are not handled
by the first two cases,such as transformedfields or multizonedfields with mixed
steadyand unsteadyzones. This constructorallows an applicationto createan arbi-
trary PLOT3D Q field andthento usethefield managetto createderived fields from
it. Theconstructosimply takesthe Q field asits only argument:

FEL_g_plot3d_field(FEL_plot3d_q_fiel d_ptr q_field);

This class name can unfortunately be easily confused with another
type name, FEL_plot3d _g_field . The latter type is a synorym for
FEL_typed _field<FEL _plot3d _g>.

24.2 Creating primiti ve and derived PLOT3D fields

Onceyou have a properly initialized FEL plot3d _field , creatingthe PLOT3D
primitive andderivedfieldsis straightforward. Accessto the primitive PLOT3D fields
is providedby five methods:

FEL float field ptr get_density_field();
FEL_vector3f_field_ptr get_momentum_field();
FEL float field_ptr get_energy_field();
FEL_plot3d_density_ momentum_field pt r

get_density_momentum_field();
FEL_plot3d_g_field_ptr get_g_field();
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Thefirst threemethodgeturnfieldsrepresentinghe momentumvariableandtwo ther
modynamicstatevariableswhich make up the PLOT3D solutionoutput. The latter
two methodsreturn“conglomerate’fields, the lastonecontainingthe entire PLOT3D

solutionvector

PLOT3D derivedfields areobtainedvia two functions:

FEL float field ptr
FEL_vector3f_field ptr

make_vector3f_field(FEL_vector3f_fie

make_float_field(FEL float field e

Id_en um);

num);

Thesefunctionstake a singleargumentindicatingthe desiredield andthey returna
pointerto afield of theappropriateype. Theenums representinghe supportedields
areshown in Table24.1. Theidentity of the fields producedby the variousenums
shouldbe evidentfrom their namesprecisedefinitionscanbefoundin [WBPE92] or

in the FEL codeitself (in thefile FEL plot3d _mapfunctions.C

). Theenums

correspondxactly to the original PLOT3D “function numbers”((WBPE93), soyou
canusethosedirectly if you prefer If you needa derivedfield whichisn't predefined,
you can always createone using somecombinationof the primitive and predefined

fields— seeChapterl9.

FEL.density = 100 FEL_normalized _density = 101
FEL_stagnation _density = 102 FEL.-normalized _stagnation _density = 103
FEL_pressure = 110 FEL.normalized _pressure = 111
FEL_stagnation  _pressure = 112 FEL.-normalized _stagnation _pressure = 113
FEL_pressure _coefficient = 114 FEL_stagnation  _pressure _coefficient = 115
FEL_pitot _pressure = 116 FEL_pitot _pressure _ratio = 117
FEL_dynamic _pressure = 118 FEL_temperature = 120

FEL_normalized _temperature =121 FEL_stagnation  _temperature = 122
FEL_normalized _stagnation _temperature = 123 FEL.enthalpy = 130

FEL_normalized _enthalpy = 131 FEL_stagnation _enthalpy = 132
FEL_normalized _stagnation enthalpy = 133 FEL.internal  _energy = 140

FEL_normalized _internal energy = 141 FEL_stagnation _energy = 142
FEL_normalized _stagnation energy = 143 FEL kinetic _energy = 144

FEL_normalized _kinetic _energy = 145 FEL_u_velocity = 150

FEL_v_velocity = 151 FEL_w_velocity = 152

FEL_velocity —_magnitude = 153 FEL_mach_.number = 154

FEL_speed _of _sound = 155 FEL_cross flow velocity = 156
FEL_divergence _of _velocity = 158 FEL_x_momentum = 160

FEL_y_momentum = 161 FEL.z_momentum = 162

FEL_energy = 163 FEL_entropy = 170

FEL_entropy _s1 = 171 FEL_x_component _of _vorticity = 180
FEL_y_component _of _vorticity = 181 FEL-z_component _of _vorticity = 182
FEL_vorticity _magnitude = 183 FEL_swirl = 184

FEL_velocity — _cross _vorticity _magnitude = 185 FEL _helicity = 186

FEL_pressure _gradient _magnitude = 192 FEL_ density _gradient _magnitude = 193
FEL_shock = 400 FEL filtered _shock = 401

FEL_velocity = 200 FEL_vorticity = 201

FEL_-momentum = 202 FEL_perturbation _velocity = 203
FEL_velocity — _cross _vorticity = 204 FEL_pressure _gradient = 210

FEL density _gradient = 211

Table24.1: Scalar(abovetheline) andvector(below theline) derivedfields predefined

in PLOT3D [WBPE9Z andsupportedy FEL _plot3d

field

given,alongwith the PLOT3D “function number”.

. TheFEL enums are
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All the derived fields created by the FEL_plot3d _field are of type
FEL_map.then _interpolate _derived _field*() . Any requireddifferential
operatoffieldsaresecond-ordeif theFEL plot3d _field ’smeshis structuredand
first-orderif the meshis unstructured.Futureversionsof the FEL plot3d _field
managemay permit the client to specify the typesof derived fields and differential
operatoffieldsto beusedin the constructiorof anindividual field.

24.3 How the field managerworks

The PLOT3D field managerworks by reading core or pagedfields and return-
ing derived fields from theseunderlyingfields. When it createsa core or paged
field, it saves a pointer to it and when possible reusesthe field for later de-
rivedfields. For example,if you call make_float _field(FEL _pressure) and
make float _field(FEL _temperature) ,they will shareheunderlyingQ field.

This sharingof multiple derivedfields only happensvhenthe the samefield man-
agerobjectis usedto createall of the derivedfields. An applicationthatcreatesa field
manageibject, createsa derivedfield, destrgys the field managerandthencreatesa
new field manageanda secondderivedfield will readthe solutiontwice.

Memoryusagewith thefield manageis notalwaysoptimalwhenthefield manager
is usingPLOT3D solutionfiles. Whenafield managers givenaPLOT3D solutionfile,
in mostcasest readsthe entirefile andcreatesa Q field whenthefirst derivedfield is
requestedThis is not efficient if only part of the solutionfield is used,which would
happenf make float _field(FEL _density) is called. However, readingall of
thedataallows multiple derivedfieldsto sharethe solutiondatawhenthederivedfields
needdifferentbut overlappingportionsof the solutionfile.

The primitive PLOT3D field functions(the get _* field functions)for steady
andtime-varyingfield manager®peratedifferently. Eachreadsa portion of the solu-
tion thefirst time it is called. If all file primitive field functionsarecalled,the density
andenegy solutiondatawill bereadtwice,andthe momentundatawill bereadthree
times.

If you first create a primitive PLOT3D field and then create a derived
field, the field manager may use the primitive field instead of first creat-
ing a Q field. For example, if get _density _momentumfield and then
make_vector3f _field(FEL _velocity) are called, the velocity field will be
derived from the density-momentunfield createdin the first call. If the density-
momentumfield had not existed, the velocity field would be derived from a Q field.
This behavior dependon which primitive PLOT3D fieldsareneededor eachderived
field. Seethe sourcefile FEL plot3d _field.C  for details.

Memory usagewith pagedfiles is not anissue. The pagingcodeinsuresthatthe
dataneededis read and storedonly once, evenif it is usedfor multiple primitive
PLOT3D andderivedfields. Memoryusages alsonotanissuewhenthefield manager
is givenaPLOT3D Qfield. In this casethe primitive andderivedfield functionsreturn
fieldsderivedfrom the Q field handedo thefield managerconstructor
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24.4 MiscellaneousFEL plot3d _field methods

FEL_plot3d _field providesaget _mesh() anda genericset() methodasa
corvenienceThis code:

FEL_plot3d_field_ptr plot3d_manager;
FEL _mesh_ptr mesh = plot3d_manager->get_mesh();

returnsthe meshassociatedvith plot3d _manager . This meshis associatedvith
ary of thefieldscreatedoy plot3d _manager .

FEL plot3d_field::
set(const FEL_ set keyword_enum  keyword, int value);

passes the requested options to the mesh and primitive fields of the
FEL_plot3d _field object. Note that since all fields created by the
FEL_plot3d _field share the same mesh and primitive fields, the set()
call on a FEL plot3d field object affects all fields which have been created,
and even fields which will be created,by the FEL plot3d _field . Furthermore,
set() callson ary field createdby the FEL_plot3d _field will have the same
wide-reachingeffect. At presentthis interdependencef a group of fields sharinga
commonmeshis alimitation of FEL whichwill beresohedin afuturereleaseln the
meantimepe awareof potentiallyunwantedsideeffectsof theset() calls.

24.5 An example
#include  "FEL.h"

int  main(int argc, char** argv)

{
/I mesh file, solution file in argv[l] and argv|[2]
FEL_ plot3d_field_ptr plot3d_manager =
new FEL_steady plot3d_field(argv[1], argv[2]);
FEL float field_ptr helicity_field =
plot3d_manager->make_float_field( FEL helici ty);
FEL_vector3f_field ptr grad_pressure_field =
plot3d_manager->make_vector3f_fie [d(FE L_pre ssure_ gradi ent);
/I grad_pressure_field is ready for at_ calls, or whatever
return  0;

}
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This examplefirst createsa FEL _steady _plot3d _field usingthe meshandso-
lution files specifiedin thefirst two arguments.It thencreatesa float field containing
helicity anda vectorfield containingthe gradientof pressure.

24.6 PLOT3D derivedfield “conveniencefunctions”

TheFEL plot3d _field takescareof file readingandcachingof primitivefieldsby
maintaininginternalstate but in responséo anincomingFEL float _field _enum
or FEL_vector3f _field _enumthemanagecreategherequestedierivedfield by
calling oneof a numberof external“conveniencefunctions”. You cancall thesefunc-
tions directly, whetheror not you've createdan FEL plot3d _field . All of the
functionstake apointertoanFEL plot3d _q_field astheironly requiredargument
and, asusual,an optional characterstring name. A few of the functionshave over-
loadedversionswhich acceptpointersto fields comprisinga subsetof the PLOT3D
solutionvector The functionsreturna pointerto eitheran FEL float _field oran
FEL_vector3f _field . Forexample:

FEL_plot3d_g_field_ptr g_field;
FEL float field ptr sp_field =
FEL_plot3d_make_stagnation_pressur e fiel d(q_f ield) ;

Althoughthislooksvery similar to a derivedfield constructolinvocation, this wrapper
functioncallsany requiredconstructoron your behalf,soyou don’t wanta new after
the“=".

Tables(24.2 and 24.3) presentthe available PLOT3D derived field corvenience
functions. Thesefunctions correspondone-to-onewith the FEL enums shavn in
Table 24.1, modulo an obvious naming corvention. The first columnin the table
lists the function. The secondcolumn lists the argumentsacceptedby the func-
tions. Many functions are overloadedso multiple argumentstypes are accepted.
Table 24.4 lists the abbreviations for the argumenttypes. See the headerfile
FEL_plot3d _derived _field.h  for moredetails.

The default nameof the createdfield is the nameof the function called with the
FEL_andmake_ deleted.For example,FEL plot3d _make_density _field cre-
atesa field with a default nameof FEL_plot3d.densityfield You canoverridethe de-
faultnameby specifyingthe nameasthe secondargument(the third argumentfor the
FEL plot3d _make_velocity _field functionthatacceptsseparatedensityand
momentunfields).

24.7 PLOT3D derivedfield inventory arrays

An applicationmaywantto presentll PLOT3D derivedfieldsto auserasaselectable
list. Sincethefieldsarepredefinedandlazily evaluatedthey canall be createdahead
of time with minimal time andstorageoverheadand,whenselectedthey canbeeasily
conjuredforth without ary needfor a complicatednput routineandinterpreteror the
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[ Function Name | Arguments |
FEL plot3d _make_density _field Q
FEL_plot3d _make_normalized _density _field Q,D
FEL_plot3d _make_stagnation _density _field Q
FEL_plot3d _make_normalized _stagnation _density _field Q
FEL_plot3d _make_pressure _field Q
FEL_plot3d _make_normalized _pressure _field Q
FEL plot3d _make_stagnation _pressure _field Q
FEL plot3d _make_normalized _stagnation _pressure field Q
FEL plot3d _make_pressure _coefficient _field Q
FEL plot3d _make_stagnation _pressure _coefficient field Q
FEL plot3d _make_pitot _pressure _field Q
FEL plot3d _make_pitot _pressure _ratio _field Q
FEL_plot3d _make_dynamic _pressure _field Q,DM
FEL_plot3d _make_temperature _field Q
FEL_plot3d _make_normalized _temperature _field Q
FEL_plot3d _make_stagnation _temperature _field Q
FEL_plot3d _make_normalized _stagnation _temperature _field Q
FEL plot3d _make_enthalpy _field Q
FEL plot3d _make_normalized _enthalpy _field Q
FEL plot3d _make_stagnation _enthalpy _field Q
FEL plot3d _make_normalized _stagnation _enthalpy field Q
FEL plot3d _make.internal _energy _field Q
FEL_plot3d _make_normalized _internal _energy _field Q
FEL_plot3d _make_stagnation _energy _field Q
FEL_plot3d _make_normalized _stagnation _energy _field Q
FEL_plot3d _make_kinetic _energy _field Q,DM
FEL_plot3d _make_normalized _kinetic _energy _field Q,DM
FEL plot3d _make_u_velocity _field Q,DM
FEL plot3d _make_v_velocity _field Q,DM
FEL plot3d _make_w.velocity _field Q,DM
FEL plot3d _make_velocity _magnitude _field Q,DM
FEL plot3d _make_mach_number field Q
FEL_plot3d _make_speed _of _sound _field Q
FEL_plot3d _make_cross _flow _velocity _field Q,DM
FEL_plot3d _make_divergence _of _velocity _field Q,DM
FEL_plot3d _make_x_momentumfield Q,M
FEL_plot3d _make_y_momentumfield Q,M
FEL_plot3d _make_z_momentumfield Q,M
FEL plot3d _make_energy _field Q
FEL plot3d _make_entropy _field Q
FEL plot3d _make_entropy _s1 field Q
FEL plot3d _make_x_component _of _vorticity _field Q,DM
FEL plot3d _make_.y_component _of _vorticity _field Q,DM
FEL_plot3d _make_z_component _of _vorticity _field Q,DM
FEL_plot3d _make_vorticity _magnitude _field Q,DM
FEL_plot3d _make_swirl _field Q,DM
FEL_plot3d _make_velocity _cross _vorticity _magnitude _field Q,DM
FEL_plot3d _make_helicity  _field Q,DM, V
FEL plot3d _make_pressure _gradient _magnitude _field Q
FEL plot3d _make_density _gradient _magnitude _field Q,D

Table24.2: Derivedfield corveniencdunctionsthatreturnfloat fields.
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[ Function Name | Arguments |
FEL_plot3d _make_velocity _field Q,DM, D+M
FEL_plot3d _make_vorticity _field Q,DM
FEL plot3d _make_momentumfield Q
FEL_plot3d _make_perturbation _velocity _field Q,DM
FEL_plot3d _make_velocity _cross _vorticity _field Q,DM
FEL_plot3d _make_pressure _gradient _field Q
FEL_plot3d _make_density _gradient _field Q,D

Table24.3: Derivedfield corveniencgunctionsthatreturnvectorfields.

[ Abbreviation [ Argument Description |

D Densityfield
DM Density-momentunfield
D+M Two separatarguments:adensityfield anda
momentunfield
M Momentumfield
Q Q field
\ Velocity field

Table24.4: Abbreviation key for the derivedfield functiontables.

like. As anaid for this kind of usageFEL providestwo arrayscontainingall the FEL

PLOT3D enums — onewith all thefloatfield enums andonewith all the vectorfield

enums. A sentinel(*0”) markstheendof eacharray
The“inventoryarrays”arefoundin FEL_plot3d _field.h

FEL float field_enum FEL_plot3d_float_fields][];
FEL_vector3f_field_enum FEL_ plot3d_vector3f_fields][];

By traversingthesearrays, one can sequentiallyconstructall PLOT3D derived
fieldsand,by callingget _-name() oneachfield, onecanaccumulatea list of canon-
ical field namesto be presentedo the user If you are listing the names the field
managershould be createdusing a FEL plot3d _q_field insteadof actualfiles.
If you useactualfiles, the namesmay vary from the canonicalplot3d _xxxfield
form. Hereis a shortdemonstratiorshaving how to list all the derived scalarfields
usingFEL_plot3d _float _fields[]

#include "FEL.h"

char**  get_derived_float_names(int* nsfields)

{
/I make dummy field manager using dummy mesh and field
FEL_mesh_ptr mesh = new FEL_regular_mesh(4, 4, 4);
FEL_plot3d_g_field_ptr g_field =

new FEL_constant_field<FEL_plot3d_g>(mes h, FEL_plot3d_q());

FEL_solution_globals sg;
sg.set_alpha(0); sg.set_free_stream_mach(0);
sg.set_time(0); sg.set_reynolds_number(0);
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g_field->set_solution_globals(sg) ;

FEL plot3d_field_ptr plot3d_field =
new FEL_q plot3d_field(qg_field);

assert(plot3d_field!'=NULL);

*nsfields = 0;
/I no sizeof on unspecified dim array
while  (FEL_plot3d_float_fields[(*nsfields)+ +] = 0);
--(*nsfields);
FEL_ float_field ptr* scalar_fields =
new FEL_float_field_ptr[*nsfields];
char**  scalar_names = new char*[*nsfields];
for (int i=0; i<*nsfields; ++)  {
FEL float field_ptr f =

plot3d_field->make_float_field
(FEL_plot3d_float_fields]i]);
assert(fl=NULL);
const char* n = f->get name();

scalar_namesi] = strcpy(new  char[strlen(n)+1], n);
f=NULL;
}
/I make names without "plot3d", "field", and " "
char t[256];
char* s;
for (i=0;i<*nsfields;++i) {
t[0]="\0’;
for (s=scalar_names]i];(s=strtok(s,"_"))! =NULL; s=NULL)
if ( strcmp(s,"plot3d") && stremp(s,"field") ) {
strcat(t,s);
strcat(t," ")
}
t[strlen(t)-1] = 0,

/I 't cant be longer than original
strcpy(scalar_namesi],t);

}

return scalar_names;

}

int  main()
{
int  nsfields;
char** scalar_names =
get_derived_float_names(&nsfields);
cout << nsfields <<
' scalar fields ready and waiting in scalar_fields[]"
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<< endl;
for (int i=0;i<nsfields;++i)

cout << scalar_namesi] << endl;
return  0;
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Chapter 25
Time-Varying Fields

Fieldsthat vary with time, also known asunsteadyfields, are often representedby a
seriesof time stepswhereeachtime steprepresentshe field at someinstantin time.
The time stepsmay or may not be at fixed intervals during a simulation, thoughin
mary casesa fixed interval is used. FEL representsinsteadyfields via the classes
FEL_time _series _field andFEL fixed _interval _time _series _field
Theinterfacefor time-seriedieldsinheritsfrom the standardield interfacedefinedin
FEL_ field andFEL_typed _field . Justaswith steadyfields,onecanmake“at ”
callsto requestdatausingan FEL_phys _pos, FEL_cell , FEL_vertex _cell or
FEL_structured _pos argument. All the agumenttypescontainan FEL_time
datamember For steadydata,the time is ignored;for unsteadydata,it is essential
thattime be specified. Given an agumentcontaininga time value, time-seriedields
producefield valuesby accessinglatafrom the appropriatetime step. If necessary
time-seriedields canalsodo temporalinterpolation(describedaterin this chapter}o
producevaluesat atime intermediateo the time steps.

In generalatime-varyingfield with nodetype T canbe usedanywherea field of
nodetype T canbe used;for instance,one canbuild derived fields on top of anun-
steadyfield. Thereareafew casesvhere,dueto precomputatiorr caching,unsteady
fields are not interchangeablevith steadyfields. Recall that the memberfunction
get _eager field providesawayfortheuserto getanew field whereevery nodeis
eagerlyevaluated.With atime-varyingfield, get _eager field essentiallyreturns
asnapshoin time, i.e., a steadyfield. Thusif onewantsto call get _eager _field
thenthefinal algument specifyinga time value,is no longeroptional. It is arun-time
errorif onecallsget _eager _field onanunsteadyield without providing atime.

A secondcase where unsteadyfields require special treatmentoccurs when
working with the FEL caching fields. The fields FEL_cached _field and
FEL_hash _cached field provideanoptionfor usersvhowantthe computational
frugality of cachingresults,without having to pay the costsof eagerlyprecomputing
valuesover a whole field. Unfortunately the FEL cachingfields are not designedo
work with time-varying fields; cachingfields ignoretime. Thus,with cachingfields
asthey arecurrentlyimplementeda cachedime-varying field would resultin better
performanceput in generalwrong answers. To prevent what could be an insidious

149
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problem,the cachedield constructorgheckthetype of field they arecaching(atrun-
time) andfail if theargumentis not steady

FEL currentlysupportgime-seriesdatawherethereis afixedinterval in time be-
tweeneachtime step. Thelibrary is designedso thataddingsupportfor datathatare
not temporallyspacedat fixed intervals shouldnot be too difficult in the future. The
library supportsbothtime-varying fields andtime-varying meshes.The time-varying
meshsupportis describedn the next chapter The topology of the meshis currently
requiredto beconstanbvertime, in otherwords,meshegandthefieldsbasednthose
meshesjhatadaptovertime arenot currentlysupported.

An individual time stepin an unsteadydatasetmay be very large, the setof all
the time stepsmay be hundredsof timeslarger For mary datasetsit is not feasible
to load every time stepinto memory FEL time-seriedfields supportthe automated
managemenaf a subsebf thetime stepsin memoryusingaworking set.We describe
theFEL time _series _field working setcontrolinterfacenext.

25.1 Working setsand callbacks

The FEL time _series _field classmanages working setof field objects,each
objectcorrespondingo atime step.Whenthe userrequestslataat somepoint within
thefieldrepresentetlytheFEL_time _series _field instancethetime-seriedield
mustcheckto seeif the necessaryime stepsare currentlyin the working set. If so,
thenthetime-seriedield requestsiatafrom thetime stepsdoestemporalinterpolation
if necessaryandproducegheresult. If a neededime stepis not in the working set,
andthe working setis not full, thenthe time stepis acquiredusingthe userprovided
callbackfunction. The callbackfunctionis describedelow. If theworking setis full,
thenthefield replacesatime stepusingaleastrecentlyusedpolicy to choosethefield
to bereplaced.

For most users,the working set managemenis completelyautomatic,in other
wordsthereis no needfor the userto manuallyloadandunloaddata.For thosewho do
wantto directly controlwhich time stepsareloadedthe FEL time _series _field
classprovides an interfacewhere one candictatethe working setsize and contents.
Theworking setmanagemennemberfunctionsare:

void set working_set_size(int n);
bool load(int time_step);

bool load_all();

void unload(int time_step);

void unload_all();

void unload_least recently used();

void set_verbose(bool);

void show_working_set(ostream& s);

The function set _working _set _size allows the userto control the size of the
working setusedby thefield. The default working setsizeis 5. The functionload
allows the userto make the field load a particulartime step. Thefunctionload _all
resizesthe working setto the total numberof time stepsandloadseachone. The
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load _all functionis handywhenanapplicationcanafford to load every time step.
Theunload functionsarerelatively self-explanatory The set _verbose function
canbeusedto make thefield outputupdatesvhentime stepsareloadedandunloaded.
Watchingthe outputfrom verbosemodecanbe educationafor thosenot familiar with

theuseof working sets.

Usersworking with applicationsthat are multi-threadedneedto be careful with
time-seriesfields asthey are currently implemented. The routinesthat managethe
working setdo nothave critical sectionprotection.This meanghat,if multiple threads
make accesseshat causethe working setto change thenthereis a chancethat the
working setdatastructurewill becomeinconsistent.To avoid this problemthe user
shouldensurethatthe working setdoesnot changewhile in multi-threadedcode. The
simplestway to ensureno changds to loadall thetime stepsnitially. Theload _all
callis handyfor this purposeIf loadingall thetime stepss notanoption,thentheuser
mustmake surethatworking setchange®ccuronly in single-threadnode.Providing
critical sectionprotectionfor the working setis on thelist of future enhancement®
FEL.

FEL_time _series _field reliesona callbackfunctionprovidedby theuserat
field constructiortimeto producethefield correspondingo a particulartime stepwhen
neededFor example,a callbackreturninga densityfield mightlook lik e:

unsigned flags = FEL _PLOT3D_3D_WHOLE;

const char* file_names]] = {"filel", "file2", "file3", "file4"};

FEL float field ptr my_callback(FEL_mesh_ptr m, int time_step,
void*®)

{

return  FEL_read_density(m, file_names[time_step], flags);

}

The callbackfunction takesthreearguments:the meshmthat the returnfield should
be basedon, atime step,andavoid* pointerto “client data”,i.e., dataprovided by

theuserwhenthetime-seriedield is constructedhatgetshandedbackto the callback
function. The client data,for instance could be a pointerto a structurethat contains
parametersuchasthefile namesandfile readerflags, parametershat are globalsin

the exampleabove. The callbackshouldreturnthefield for the giventime step. The
callbackcanreturnNULL to indicatesometype of failure, if afile couldnotberead,
for example.

Callbacksgive the usera greatdeal of flexibility in complyingwith requestdor
time stepdata. For example,the callbackcould constructandreturna derivedfield.
Anotherpossibility would be for the callbackto constructa new FEL core field
usingabuffer alreadyin memory suchasthe buffer usedby a simulation.Yetanother
possibilitywould befor the callbackto constructsometype of analyticfield thatcould
be usedfor testing.
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25.2 Time representationsand corversions

The objectsin FEL, suchasFEL_phys _pos, that containa time value usethe type
FEL_time . FEL_time , asdescribedn Chapter4, canrepresenthreetypesof time:

physical,computationabr integer computationa(time step). Usuallyit is not neces-
saryto corvert from onerepresentatioto another sincethe usercanchooseto work

in ary of thethreerepresentationslf the userdoesneedto corvert, thenthe library

providesthe function:

int  convert_time(const FEL time& from,
FEL time_representation_enum to_representation,
FEL time* to) const;

Theroutinecorvertsfrom from toto , giventhedesiredto _representation

25.3 Temporalinterpolation

Given atime valuethat doesfall on a time step,time-seriedields do temporalinter-
polation. FEL currently supportslinear interpolationbetweenthe pair of time steps
bracleting a particulartime. No temporalinterpolationwill take placeif the useris
working in the integer time steprepresentation.Temporalinterpolationis also sup-
pressedf working in physicalor computationatime, anda giventime valueimplies
no fractionalpartbetweertime steps.

In thecasevherebothtemporakndspatialinterpolationarenecessaryor instance,
to producea field valueat a physicalpositionin anunsteadyfield, temporalinterpola-
tion occursfirst. For instance considera hexahedralstructuredmeshwith simplicial
decompositionurnedoff. Givenanat _phys _pos call with apointp, FEL will locate
the hexahedroncontainingp, temporallyinterpolateto getthefield valuesat the time
specifiedn p andthenspatiallyinterpolateto getthefinal result.

25.4 A time-varying field example

To illustrate the constructionand useof a time-varying field, we presenta small ex-
ample. The callbackandglobalsusedfor this exampleare the sameasusedfor the
exampleabove (my_callback ). Seealsothe exampleprogramincludedas part of
the FEL primer: primer _13a.C .

#include  "FEL.h"

int n_time_steps = 4

float  physical_time_0 = 12000.0;
float  physical_fixed_interval = 1.0;

int  main()

{

int res;

flags = FEL_deduce_mesh_type(argv[l]);
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FEL _mesh_ptr mesh = FEL read_mesh(argv[1], flags);
assert(mesh = NULL);
FEL float field ptr field =
new FEL_fixed_interval _time_series flo at fi eld(
mesh,
n_time_steps,
my_callback,
NULL,
physical_time_0,
physical_fixed_interval);

/[ find an arbitrary physical point inside mesh
FEL cell cell
FEL_phys_pos phys_pos;
res = mesh->int_to_cell(mesh->card(3) /2,

3, &cell);
assert(res == 1);
res = mesh->centroid_of cell(cell, &phys_pos);
assert(res == 1);
phys_pos.set_physical_time(physica |_time _0);
float f;
int res = field->at_phys_pos(phys_pos, &f);
assert(res == 1);

}

The mapping betweenphysical time and time stepsis specifiedby the physi-
cal _time _0 andphysical _fixed _interval argumentdo thefield constructor
For atime stept, the correspondingphysicaltime p would be:

p = physical _time _0 + ¢« physical _fixed _interval

When the user works in physical time, FEL_time _series _field solves for
(floating-point)computationatime ¢ usingthe sameequation. If ¢ hasno fractional
part,thentemporalinterpolationcanbe avoided. If ¢ doeshave a fractionalpart, then
thebracletingtime stepsareequalto thefloor andceiling of .
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Chapter 26
Time-Varying Meshes

It is not difficult to imagineunsteadydatasetswherenot only thefield valueschange
with time but alsothe meshgeometry For instance the simulationof a helicopteror
windmill typically involvesrotatingblades andoftentherearemesheshatmove with
the blades. FEL currently supportgime-varying meshesisingthe time-varying field
mechanismdescribedn the previous chapter The time-varying supportis currently
limited to curvilinearmeshes.Oncethe time-varying meshis constructedjt canbe
usedjust asary othermesh.As with time-varyingfields, the biggestdifferencewhen
usinganunsteadyneshis thattheargumentdo meshcalls(e.g.,theFEL _cell passed
tocoordinates _at _cell ) musthavetheirtimevalueset.

Unfortunately to constructa time-varyingmesh,onemustfollow a somevhatcir-
cuitousroute. A curvilinear meshcanbe madeto be unsteadyby constructingthe
meshwith a time-seriedield. The field hasnodetype FEL vector3f _and _int
wherethe vectorpart representgoordinatesandthe int part representsan IBLANK
value. A curvilinearmeshconstructedvith a FEL vector3f _and_int field con-
sultsthefield whenever coordinatesr IBLANK dataareneededIf thefield provided
at meshconstructiortime is a time-varyingfield, thenpresto,onehasa time-varying
mesh.

In thefollowing sectionswe walk throughthe constructiorof anunsteady(single-
zone)curvilinearmeshanddiscussvhatwould needto be donein themulti-zonecase.
Building time-varyingmeshess currentlyoneof the morechallengingthingsthatone
candoin FEL, andthereadeiis warnedthatmorethanonepassover this chaptermay
be necessaryn orderfor everythingto make sense.In the future our planis to factor
outthetime-seriesnechanisnirom thetime-seriedield class sothatit canbeusedfor
bothmeshesandfields, without someof the gymnasticdescribeelon. In themean
time, we hopethatthefollowing exampleis illuminating.

In the examplewe omit the constructionof the solutionfield. Typically a dataset
with anunsteadyneshalsohasunsteadysolutiondata.Seethe previouschapterfor the
detailson building time-varying fields. Seealsothe programprimer _13b.C from
the FEL primerfor anexamplewhereatime-varyingmeshis constructed.
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26.1 Single-zonetime-varying meshes

To constructanunsteadycurvilinearmesh follow thesesteps:
1. Assumeafew globals,e.g.:

const int n_time_steps = b;

const char* mesh_names[n_time_steps]
{'m0", "m1", "m2", "m3", "m4"}

unsigned file_reader_flags;

const float physical_time_0O = 0.0;

const float physical_fixed interval = 1.0;

2. Provide a callbackto be usedby the FEL vector3f _and_int field, wherewe
useanadaptetto make ameshbehaelike afield, e.g.:

FEL vector3f_and_int_field_ptr

my_mesh_callback(FEL_mesh_ptr, int time_step, void*)  {
FEL_mesh_ptr mesh;
mesh = FEL_read_mesh(mesh_names|time_step ], file_reader_flags);
if (mesh == NULL) return  NULL;
return  new FEL_mesh_as vector3f_and_int_ field(m esh);

}

3. Determinethe structureddimensionof themeshe.g.:

int res;
FEL _mesh_ptr mesh;
char* mesh_name = "my_mesh";

file_reader_flags = FEL_deduce_mesh_type(mesh_name);
assert(file_reader_flags I= 0);
FEL_vector3i dim;
res = FEL read_mesh_zone_dimensions(mesh_na me,
file_reader_flags, 0, &dim);

4. Build a structurednesh:
mesh = new FEL_structured_mesh(dim[0], dim[1], dim[2]);

5. Build atime-seriedield for thecoordinate@ndIBLANK, e.g.:

FEL_vector3f_and_int_field_ptr xyzi_field =
new FEL_fixed_interval time_series_vector 3f and _int_ field(
mesh,

n_time_steps,
my_mesh_callback,
NULL,

physical_time_0,
physical_fixed_interval);

6. Build theunsteadycurvilinearmesh e.g.:
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mesh =
new FEL_curvilinear_mesh_xyzi field_layo ut(di m[0], dim[1],
dim[2], xyzi_field);

26.2 Multi-zone time-varying meshes

To construcnFEL_multi _mesh, oneshouldfollow the samepatternasabore,once
for eachzone.If theusercallbackreadsdatafrom amulti-zonemeskfile, thentypically
the callbackshouldjust readdatafor a particularzone. If only somezonesvary with

timethenatime-seriesnechanisrmeedonly bebuilt for thosezones.Thus,if anappli-
cationhassomeinformationaboutwhich zonesaresteadyandwhich arenot, thereis

anopportunityfor optimization.By notbuilding time-varyingobjectsfor steadyzones,
anapplicationshouldgetbetterperformancesinceunnecessariemporalinterpolation
andtime steploadingwill beavoided. Thereshouldalsobe memorysavings,sincethe
meshfor a particularzonewill only occuroncein memory For mesheghat contain
PLOT3D IBLANK information, one shouldbe surethat if a zoneis assumedo be
steadythenthe IBLANK andcoordinatedatabothshouldnotvary with time.
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Appendix A

Glossary

abstract class An abstract classdefinesinterfaceandimplementationwhich arein-
heritedby derived classes Abstractclassesn C++ cannotbe instantiated.See
alsoconcreteclass.

abstract factory Seefactory

adapter An adapterprovidesan alternateinterfacefor a class. For example,in FEL
the classFEL_mesh_as field<T> senesasanadapterthat providesa field
interfacefor ameshobject.

adjacentcells Givenn-complex C, by conventionthereexistsone(null) (n + 1)-cell
of which everyn-cell of C is aface;likewisethereexistsone(null) (n — 1)-cell
which is the faceof every vertex. Distinct k-cellsc andd (for 0 < k < n) are
thensaidto be adjacentif:

(i) thereexistssome(k — 1)-cell of C thatis afaceof bothc andd, and
(i) thereexistssome(k + 1)-cell of which eachof ¢ andd is aface.

For example,two hexahedraareadjacenif they sharea quadrilateraface. Two
verticesareadjacentif they arethe endpointof acommonedge.

affine combination Let P = {pi, ..., px } beafinite setof pointsin R¢. A pointz is
anaffinecombinationof P if:

k
i=1

Wherezi.“:1 Ai = 1. Seealsolinearcombination.

affinely independent A finite setP of k pointsis affinelyindependenif thereis nota
pointp; € P suchthatp; is anaffine combinationof P — {p;}.

block A blodkis analternatenamefor zone.
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Cartesiangrid A Cartesiangrid is a grid wherethe cells arealignedwith the coor
dinateaxes. The grid looks similar to the outputfrom a quad-treeor oct-tree
decompositionthoughCartesiangrids are not necessarilyoct-trees. The term
"Cartesiangrid” is alsousedby someasa synorym for uniform grid.

cell-centeredfield A cell-centeedfieldis afield wherethereis anodeassociateavith
eachcell in themesh.Typically thecellsarehexahedreor tetrahedra.

CFD ComputationaFluid Dynamics.

cell ak-cell of atopologicalspacel is a subspacef T whoseinterior is homeomor
phic to R* andwhoseboundaryis non-null. Lessformally, typically whenone
speakf cellsin CFD one meanshexahedraor tetrahedrdi.e., 3-dimensional
cells or 3-cells),thoughtherearealso0-cells (vertices),1-cells (edges)and 2-
cells(polygons).

cell complex A cell complex of atopologicalspaceT” is afinite collectionC of cells
of T' suchthat:

(i) therelativeinteriorsof cellsof C' arepairwisedisjoint,
(i) for eachcellc € C, theboundaryof cell ¢ is theunionof elementof C,
(i) if ¢,d € C andend # 0, thenc N d is theunionof elementf C.

CGNS CGNS (Complex GeometryNavier Stokes)is a file format currently under
developmentfor storingCFD data.

Chimera Chimeraacompositemonstefrom Greekmythology is usedin CFDwhen
speakingof multi-zonegrids.

Chimera file A Chimeagfileis anauxiliaryfile to themainmulti-zonegrid description
file. The Chimerafile containsdefinitive informationon how the solver should
handleregionswherezonesintersect.

class A classis abasicconcepin object-orientegprogramming A classencapsulates
bothdataandmemberfunctionsfor operatingon the data.

closure Theclosure of acell cin acell complex C consistf all thefacesof c.

computational space A computationakpaceis a spacedefinedin termsof a partic-
ular discretizationusedto decompose physicalspace.Onetypical computa-
tional spacecorresponds$o a hexahedralcurvilinear(structuredmeshin physi-
cal space:in computationakpaceeachphysicalspacehexahedroncorresponds
to aunit cube.Eachvertex in suchacomputationaspacecanbeindexedasif in
a 3-dimensionahrray andtheindicesaretypically labeledi, 7, andk.

concreteclass A concieteclassis a classthat can be instantiated.Seealso abstract
class.

curvilinear mesh A curvilinear meshis the mostgeneraform of structurednesh.
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demand-driven evaluation Demand-driverevaluationis a techniquewherecompu-
tationsaredoneonly whenrequestedsatherthanin advance.

derivedfield A derivedfield is a field definedin termsof one or more otherfields.
For example,a velocity derivedfield canbe definedin termsof momentumand
densityfields.

dynamic binding The run-time associatiorof a requestto an objectand one of its
operationsin C++, virtual functionsaredynamicallybound.

dynamic casting Dynamiccastingis a new featurein the C++ standarddesignedo
supportsafecastsdown or acrossaninheritancehierarchy With dynamiccasts,
thesucces®f the castof apointercanbeverifiedat run-timeby testingwhether
theresultis non-NULL. For example,givenaclassB anda classD derivedfrom

B:
B* b;
D* d;
b = new D();
d = (D*) b; /I C-style cast
d = dynamic_cast<D*> b; /I C++ dynamic cast
assert(d I= NULL);

The C++ standardonly requiresthat dynamiccastingbe supportedor classes
with virtual functions. Dynamic castingis not supportedby someolder C++
compilers.SeealsoRTTI.

eagerevaluation Eager evaluationis the oppositeof lazy evaluation.

edge-centeedfield An edge-centeedfieldis afield wherethereis a nodeassociated
with eachedgeof themesh.

Enterprise “Enterprise”is the nameof thefile format usedfor working with paged
mesheandfields. SeeChapter23.

exceptions Exceptionsarea new featureof the C++ standarddesignedo supportthe
handlingof exceptionalconditions.Exceptionsarenot supportedy someolder
C++compilers.

face A cell cin acollectionC is thefaceof acelld € C'if ¢ canbedefinedin termsof
a subsef the verticesof d. For example,atetrahedrorhastriangle,edge,and
vertex faces.Seealsoproperface.

facet A facetis aface. Typically facetsreferto 2-cells,suchastrianglesandquadri-
laterals.

face-centeedfield A face-centezd field is a field wherea nodeis associatedvith
eachfacein themesh.Typically thefacesreferto 2-cells,suchasquadrilaterals
andtriangles.
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factory A factory encapsulatethe proceduresequiredto build varioustypesof ob-
jects. For example,in FEL the classFEL_plot3d _field encapsulatethe
stepsrequiredto build eachof the over 50 standardderived fields definedby
PLOT3D.

FAST TheFlow AnalysisSoftwae Toolkit is a CFD visualizationpost-processingp-
plicationdevelopedat NASA AmesResearctCenter

FEL TheField Encapsulatioriibrary.

field A fieldrepresentafunctionwithin adomainvia afinite setof nodes.Everyfield
hasameshthatcontainghelocationandorganizatiorof the nodes.

friend class In C++, a classA canbe declaredto be a friend of anotherclassB, en-
abling A to have the sameaccessights to the memberfunctionsanddataof B
instancessB itself.

generalposition The definitionof generl positionis context dependenti.e., depen-
dentuponthe particularapplication. Typically it is easierto definegeneralpo-
sition in termsof whatit is not: a configurationis notin generalpositionif an
infinitesimal perturbationcan changehow the configurationis classified. For
example 4 pointsin R? arenotin generapositionif they arecoplanar

grid Thetermgrid is usedasa synorym for meshby mary. For some,grid implies
structured.Thusmeshis preferredto grid if onewishesto referto unstructured
objects,or bothstructurecandunstructureabjects.

has-arelationship A has-arelationshipdenotescontainment.Has-ais interchange-
ablewith is-part-ofor uses-fofimplementationSeealsois-arelationship.

homeomomphic Two spacesrehomeomorphidf they aretopologicallyequialent.

hybrid mesh A hybridmeshs ameshthatis partially structuredandpartially unstruc-

tured.SeeFigureA.1.

FigureA.1: An exampleof a hybrid mesh.

IBLANK IBLANK is a standardrom PLOT3D [WBPE97 for associatingextra in-
formationwith eachvertexin ameshusingoneintegerpervertex. IBLANK val-
uescanbe usedto provide hints aboutoverlappingzonesin multi-zonemeshes,
or to indicatethatthe nodevalueassociateavith avertex is notvalid.

incident cells Cellsc andd areincidentif ¢ is a properfaceof d, or vice versa. For
example, thereare vertices,edges,and quadrilateralghat are incident with a
hexahedrorin amesh.
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instantiation Instantiationis the creationof a new instanceof a given class. With
templatectlassednstantiationalsoinvolvesthegeneratiorat compile-/link-time
of thecodeimplied by a particularsetof templateparameters.

irr egular mesh Irregular meshis analternatenamefor rectilinearmesh.

is-arelationship An is-arelationshipexpressearefinemenbetweertypesor classes.
In C++ classhierarchiesthe relationshipbetweena derived classand a base
classis usuallyis-a. For example,a curvilinearmeshis-a structuredmesh,and
astructuredneshis-a mesh.Seealsohas-arelationship.

iterator Iterators are an abstractiorfor processingtems one-by-onin a collection.
Meshescanbe thoughtof ascollectionsof cells,andFEL providesiteratorsfor
themeshclasses.

Jacobianmatrix A Jacobianmatrixis usedto dotransformationfrom onecoordinate
spaceto another For example,to do transformationdetweencomputational
spaceandphysicalspaceonecanusethe Jacobiarmatrix 7:
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wherez, y, andz referto physicalcoordinatesandé, n, and( (xi, etaandzeta)
referto computationatoordinates.

Onetypical useof the Jacobiarmatrix is to corvert partial derivativescomputed
with respecto computationaspacento physicalspacealerivatives.For instance,
to computethe physicalspacespatialgradientatapointin ascalarfield, onecan
computepartial derivativesin computationabpaceandthencorvertto physical
spaceusingthefollowing equationbasedn thechainrule for derivatives:
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The partialtermswith respecto computationakpacearerelatively easyto ap-
proximateusingfinite differencingtechniques.

lazy evaluation Lazyevaluationis a synorym for demand-drenevaluation.

linear combination Let P = {pi, ..., p} beafinite setof pointsin R%. A pointz is
alinear combinationof P if:

k
i=1
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Seealsoaffine combination.
memberfunction A memberfunctionis afunctiondefinedaspartof aclass.

mesh A meshis a collection of verticesandinformation aboutthe connectvity be-
tweenthe vertices. Basedon the connectvity onecanalsodefinecells, for ex-
ample,hexahedrakellsin a structuredmesh.

method Methodis analternatenamefor memberfunction.
metrics Thetermsin theinverseof aJacobiarmatrix areknown asmetrics
node A nodeis apointin the domainwherethe solutionis calculated.

overloading An operations overloadedf thecodethatis executeds dependentipon
thetype of thearguments For example,C supportsalimited kind of overloading
for operatorsuchas“+”, sincethe compilerautomaticallygenerateshe appro-
priate machineinstructions,suchas for fixed-pointor floating-pointaddition,
basedon the agumenttypes. C++ supportsthe samebuilt-in overloading,as
well asa muchmore generalsystemfor userdefinedoverloadingof operators
andfunctions.

The choiceof which versionof anoverloadedunctionto usein C++is madeat
compile-time,in contrastto dynamically-boundunctions,wherethe choiceis
madeat run-time. Seevirtual functionandpolymorphism.

oversetgrids An oversetgrid is agrid wheretherearemultiple, overlappingzones.

periodic mesh In a periodicmeshonetakesadvantageof the symmetryor periodicity
of the computationaldomainin orderto usea meshthat coversonly part of
the domain. For example,in a turbomachinensimulationwherethereis radial
symmetry one may usea meshthat coversonly a pie-shapedvedgewithin the
domain.

parameterizedtypes A parameterizedypeis a type wheresomeof the constituent
typesare specifiedwith parametersFor example,a list datastructuremay be
parameterizetly thetype of valuecontainecby eachelementn thelist. Param-
eterizedtypesaresupportedn C++ via templates.

physical space Physicalspaceis the spacethat correspondso the “real world” do-
main, suchas the region surroundingan aircraft, where one wishesto model
phenomenauchasflow. Seealsocomputationakpace.

placementnew Placemennew is a specialversionof the C++ operator new where
theuserexplicitly specifieshe memoryto be usedfor anobject.

polymorphism Polymorphisnis theability to substituteobjectsof matchinginterface
for oneanothemtrun-time.In C++aclasss polymorphidf it declare®rinherits
avirtual function.
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PLOT3D PLOT3D wasoriginally aCFD visualizationpostprocessingool developed
by PieterBuning of NASA AmesResearctCenter PLOT3D liveson primarily
in someof the standard# definedsuchasthosefor file formatsandIBLANKS.

proper face A cell cis aproperfaceof acell d if cis afaceof d andc # d.

purevirtual function A purevirtual functionof aclassA is amembeifunctionthatis
requiredto bedefinedby subclassesf A. A classthathasa purevirtual function
is anabstractlass.

rectilinear mesh A rectilinear meshis a structuredneshwherethe cellsarealigned
with the coordinateaxes, but the spacingbetweenadjacentverticescanbe ir-
regular Rectilinearmeshesarealsoknown asirregular meshesr non-uniform
meshesSeeFigureA.2.

referencecounting Refeencecountingis a techniquefor trackinghow mary other
objectsareusing(have areferencedo) a particularobject. Referenceountingis
typically partof amemorymanagemerstratgly whereobjectsareautomatically
deallocateqgarbagecollected)whentheir countgoesto 0. Referencecounting
is alsoknown as“use counting”.

regular mesh A regular meshis a structuredmeshwherethe cells are alignedwith
the coordinateaxes andthe spacingbetweenadjacentverticesis equalin each
dimension.SeeFigureA.2. In someof theliteraturearegularmeshis considered
to beauniform mesh.

RTTI Run-Tme Type ldentificationis a new capability definedin the C++ standard
allowing the userto queryan objectaboutits type. RTTI is requiredto be sup-
portedonly for classeavhich have virtual functions. RTTI is not supportedoy
someolder C++ compilers. Somenew C++ featuressuchasdynamiccasting,
dependuponthe availability of RTTI.

signature An operations signatue is definedby its name, parametersand return
value.

simplex A k-simple is the corvex hull of k + 1 affinely independenpoints. A 0-
simplex is a vertex, a 1-simplec is an edge,a 2-simplec is a triangleanda 3-
simplex is atetrahedron.

simplicial decomposition Simplicial decompositions the subdvision of meshcells
into simplices. For example, hexahedrawould be subdvided into tetrahedra,
andquadrilateralsvould be subdvidedinto triangles.

specialization In C++ templatedfunctions,a specializatioris animplementatiorfor
a specifictemplatetype that overridesthe genericimplementatiorprovided by
thetemplate.

star The star of a cell ¢ in a cell complex C' is the subsetof C' consistingof all the
cellsof whichcis aface.
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steady A steadymeshor field is onethatdoesnotchangeovertime. Seealsounsteady

STL TheStandad TemplateLibrary is alibrary of C++templatedclassesupporting
containerdatastructuressuchassets.

structur ed mesh In astructuredneshtheverticesandcellsareorganizedn aregular
pattern.In oneof the mosttypical typesof structuredmeshesthe verticescan
be addressedsif they werein a multi-dimensionalarray In 3-d, all the 3-
dimensionakellsarehexahedral Structuredneshegsanbefurther classifiedas
uniform, regular, rectilinearandcurvilinear SeeFigureA.2.

i

Uniform Regular Rectilinear Curvilinear

FigureA.2: FEL structuredmeshtypes.

templates TemplatesareC++'s supportfor parameterizetypes.

uniform mesh A uniform meshis a structuredmeshwhere the cells are aligned
with the coordinateaxes andthe spacingbetweenadjacentverticesis uniform
throughout.SeeFigureA.2.

unsteady An unsteadymeshor field is onethatchange®vertime. Seealsosteady

unstructur ed mesh An unstructuedmeshn 3-d consistf polyhedralcells,with no
implicit connectvity. The cellsarenot necessarilall tetrahedrathoughthis is
oneof themostcommonunstructuredypes.SeeFigureA.3.

e

FigureA.3: An unstructurednesh.

usecounting Seereferencecounting.

vertex-centeredfield A vertex-centeedfieldis afield whereanodeis associatedvith
eachvertex in the mesh. The standardile formatsdefinedby PLOT3D areall
for vertex-centeredields.
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virtual function A virtual functionis a memberfunctionwherethe particularimple-
mentationis selectedat run-time,basedon the type of the objectfor which the
operationis called.C++ supportgpolymorphisnvia virtual functions.

working set A workingsetis asubsebf amuchlargerset,wheremaintainingasubset
improves performancdan somerespect. For instance the cachingdonein the
memoryhierarchiesisedby mostmicroprocessebasedsystemsanbethought
of asa performanceémprovementstratgly basedon working sets.

zone A zonerefersto a particularsubmeshn a multi-mesh.
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